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In designing an optimal atrium in terms of daylight, both its internal and 
external environments are crucial to determine the quality and quantity of natural light 
entering the space. The former comprises of the atrium designs bounded by elements 
such as configuration, geometry and material, while the latter often refers to the ever-
changing sky distributions. In practice, daylit atrium has been well recognised as the 
most beneficial strategy to maximise the daylighting performance in a multi-storey 
building and it has gradually gained interest of the local building users, designers and 
developers. However, there is still no study carried out in Singapore at present, both 
on its common atrium designs as well as predominant sky types. Designers are often 
left with no clues on the parameters that could possibly affect the daylight availability 
and lighting energy consumptions of an atrium, or, even if they are identified, the 
subsequent problem is how to strike a balance among these parameters in order to 
achieve satisfactory building performance. 
 
As a result, this study is ramified into two major parts that are running in 
parallel at the beginning. On one hand, several site visits are conducted to determine 
the common atrium prototypes and their properties, covering a total of 66 daylit atria 
around the island of Singapore. On the other hand, an analytical study is also done 
simultaneously on the existing sky scanner data in Singapore and its frequent sky 
patterns are estimated based on the 15 sky types categorised as ISO/CIE Standard 
General Sky. Eventually, these two components are amalgamated and the entire 
process is converged in the final parametric study with the help of computational 
simulations, using the Virtual Sky Domes (VSD) or Virtual Sky and Sun Domes 
(VSSD) to resemble frequent skies in Singapore. The primary objective is to 
determine the leading parameters that govern the daylight availability in an atrium 
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building and to what extent these factors could help in decreasing its average lighting 
energy consumption.  
 
The final parametric study has verified the point that outdoor environment, 
especially sky distributions, could bring very large impact to the overall daylight 
availability and energy savings, varying from 11% to 50%. In Singapore, the 
prevalent partly cloudy sky (Sky Type 8) is found efficient in diffusing light into 
building and, therefore, over-provision of luminaires could be avoided in future and 
more lighting energy is saved. If this exterior factor is also supplemented with a 
carefully designed atrium, inclusive of all its design parameters such as atrium form, 
floor depth, skylight shape, glass material, as well as reflectivity of walls or floor, the 
ultimate building efficiency would be magnificent. The findings show that a good 
atrium design with the consideration of all these parameters will help to save the 
annual energy cost of more than SGD5 per square meter floor area from lighting alone. 
This commercial benefit will definitely become the selling point of atria that most 
building developers have been looking for.  
 
In a nutshell, this statistical analysis does not only help architects and building 
engineers to assess the different design schemes and to estimate the likely energy 
benefits or penalty during their initial design stage, but also to exemplify the lucrative 
returns that these atria could offer to the building developers. Essentially, the message 
of this study is that both geographical and climatic factors in Singapore have made it 
most suitable for atrium designs and thus should be fully exploited. 
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"I'd put my money on the sun and solar energy. What a source of power! I hope we 
don't have to wait 'til oil and coal run out before we tackle that.”  
Thomas Edison 
Year 1931 (Source: Greenpeace Forum)  
1.1 Background 
Buildings consume a large amount of electricity and energy generated. 
According to the World Resource Institute database (n.d.), 12.2% of worldwide 
energy consumption in year 1999 has come from the commercial and residential 
buildings. In Singapore, for instance, the electricity and energy consumption has 
increased tremendously from 1998 to 2004. It is found that 26% or almost one quarter 
of an office building’s primary energy use is attributed to its electric lighting (Figure 
1.1) and a significant portion of the total utility expenses usually comes from the 
provision of sufficient lighting levels at work areas, even during daytime. Electric 
lighting is not only generating heat, but it is also a major contributor to peak cooling 
load, particularly in high rise office buildings in the tropics (Lam & Li, 1999). Unless 
proper solutions are proposed, modern buildings with high energy consumption would 







































Figure 1.1. Electricity and energy consumption in Singapore (a) Electricity consumption 
year 1998-2004 (Source: World Resource Institute database) (b) Percentage of 
energy consumption by services in an office building (Source: Wong, Y.W., 
2001) 
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Many of the warning signs that existed before the energy crises in 1973 and 
1979 revisit the world again and apparently, the current situation is even worse. In 
trying to balance the demand for energy with the rapidly shrinking resources and 
depressing environmental costs, therefore, the 1992 United Nations Conference on 
Environment and Development (UNCED) Earth Summit in Rio has first introduced 
the word ‘sustainability’ as a professional or scientific jargon (Krishan et al., 2001). 
The very essence of sustainability is to attempt to achieve as much as possible with as 
little as possible, and particularly with natural, renewable resources. Over the past few 
years, growing awareness on the substantial contribution of artificial lighting to the 
building energy cost and personnel’s efficiency has drawn more and more attention to 
the use of daylight in buildings.  
 
Daylighting is a rudimentary design feature for virtually all sustainable 
environments in human shelters, ranging from the urban spaces of different scales and 
configurations to the multipurpose building interiors. Apart from its electrical and 
energy savings potential, daylighting is also an effective means to enhance the 
qualitative experience of the environment for occupants and to aid visual tasks such as 
reading, writing, working and movement. Most importantly, it has a positive influence 
on health, well-being, alertness and even the quality of sleep (van Bommel & van den 
Beld, 2004). The discovery by Berson, Dunn and Takao (as cited in van Bommel et 
al.) on novel photoreceptor cells in the eye and the nerve connections to the brain has 
actually allowed us to better understand how light influences and controls a large 
number of biochemical processes in the human body. The most significant one is the 
control of biological clock and regulation of important hormones through consistent 
light-dark rhythms. Studies relating to office workers’ impressions of daylight and 
CHAPTER 1: INTRODUCTION 
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lighting signify that many office occupants, if not all, prefer to follow a daylight cycle 
instead of a constant level (Begemann, van den Beld & Tenner, 1997). Today there is 
an increasing desire for the impression of working by daylight. Even in the design of 
artificial lighting installation, more attention is being paid to the availability of 
daylight during working hours (Rutten, 1990). 
 
In tropical countries like Singapore, daylight has been a greatly under-
exploited natural resource, though prolonged solar exposure is available here. A study 
from Li and Lam (2000) has shown that daylighting alone in the tropics is adequate to 
achieve the minimum indoor design lighting level at the perimeter zones for over 60% 
of the time in a year, if the external vertical illuminance required in providing a 
certain indoor design illuminance is 10klux. In achieving this optimised value, 
therefore, the successful use of daylight in a building often requires the associated 
daylighting devices such as windows, clerestories and skylights be conceived as an 
integral part of the architectural design. So far atrium has been recognised as one of 
the most beneficial strategies to maximise the daylighting performance in a multi-
storey building. It is expected not only to be an attractively daylit space in its own 
right, but also to deliver light to adjoining spaces (Littlefair, 2002) and to distribute 
even illumination on the work plane (Kim & Boyer, 1988).  
 
In Singapore, atrium has become a key architectural feature of many 
commercial buildings in recent years. The concept of daylit atrium with glazed 
skylight was being introduced to the local architectural scene during the 80s, when 
John Portman was first invited to design the daylit atrium buildings, such as the 
Regent Hotel and Marina Square Shopping Centre. Thereafter, atria have gradually 
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gained interest of the building users, designers and developers. Users like atria 
because they not only create a dynamic and stimulating interior that provides shelter 
from the external environment, but also help to maintain a visual link with the 
environment. Designers enjoy the opportunity to create new spaces with tremendous 
aesthetic qualities, while the building developers foresee atria as prestigious amenities 
that could increase commercial value and appeal. 
 
1.2 Research problem 
The research question is: What determines an optimal atrium design in 
Singapore in terms of daylight? 
 
In general, the interior and exterior environments are crucial in determining 
the quality and quantity of natural light within a building (Littlefair, 1991). From the 
preliminary literature scan, two major factors are identified to affect the atrium 
daylighting: 
a. atrium designs (indoor environment); and 
b. sky distributions (outdoor environment). 
 
Some of the research problems and knowledge gaps of atrium daylighting 
based on these two factors are identified in the following sections. 
 
1.21 Internal factor (atrium designs) 
Despite the fact that atrium has gradually gained interest of local designers, 
there is still a lack of some useful recommendations for its design in local building 
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context at present. Designers have no choice but to rely on the foreign publications 
and the information available are often not so suitable for local building typology. 
 
Prior to this study, no researcher has ever paid attention to the prevalent atrium 
designs in Singapore. Majority of the precedent studies on atrium daylighting are 
done outside Singapore and usually carried out in the form of scaled model 
experiments, field measurements and analytical formulations. Owing to the 
constraints caused by the respective methods, very limited parameters could be 
studied at a time and thus resulting in inconclusive data and absence of consensus 
among the studies. Together with the complex nature of the environmental 
interactions, designers are often left with no clue on the parameters that could 
possibly affect the daylight availability and lighting energy consumptions of an atrium, 
or, even if they are identified, the subsequent problem is how to strike a balance 
among these parameters in order to achieve satisfactory building performance. 
 
1.22 External factor (sky distributions) 
The mere understanding of the indoor environment is insufficient to design a 
good atrium in terms of daylight. Apparently, daylighting calculation is also 
dependent on luminance distribution of the sky (Kittler & Darula, 2002a) which tends 
to fluctuate from time to time and from place to place. But so far the useful data for 
atrium daylighting are mostly derived from experiments and simulations done under 
an overcast sky that is most frequent in the temperate countries. The fact that 
intermediate and clear sky conditions have not been covered at the time of this study 
also means that there is an area of obvious deficiency or large gaps in the available 
daylighting data for atrium buildings.  
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Currently there are limited publications available for the analysis of sky 
luminance patterns as well as the predominant sky types in Singapore. The study of 
Singapore frequent sky conditions is interesting because its location at the equator has 
resulted in a hot and wet tropical climate, as well as high solar elevation in the midday. 
Sometimes, its climatic change could also become very drastic and uncertain even 
within a day. For instance, the sky could be clear and sunny in the early morning, but 
overcast by thick clouds with heavy rain and thunderstorm in the afternoon (Wittkopf 
& Soon, 2007). These changes could be a key issue or challenge in designing the 
daylit buildings such as atria in Singapore. Designs that are not mindful of the outdoor 
environment could often cause under- or over-provision of luminaires in daytime, 
especially at commercial buildings. 
 
1.3 Objectives 
The objectives of this study are defined as follows, covering both internal and 
external factors. 
a To identify the common atrium designs in Singapore; 
b To identify the key building parameters that affect the daylighting and 
energy performance in an atrium building; 
c To analyse the sky luminance data from Singapore IDMP (International 
Daylight Measurement Programme) station; 
d To predict the frequent sky patterns in Singapore based on the 15 sky types 
categorised as CIE Standard General Sky; and 
e To determine the leading parameters that govern the daylight availability 
in Singapore atrium buildings and to what extent these factors could help 
in decreasing the lighting energy consumption, under local sky conditions. 
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1.4 Scope 
By definition, atrium in this study is referring to a large enclosed daylit 
courtyard that is often covered with glass walls or roof. It is found mostly in large 
commercial buildings such as hotels, office towers and shopping malls. Since this 
study only aims to provide basic preliminary design information during the 
conceptual design stage, its parametric analysis will not be case specific. This open-
ended concept is intended to make the study generalizable such that its general 
findings are useful as references for most atrium designs in Singapore. The strategic 
location of Singapore at 1° north of the equator has given it a desirable environment 
for atrium designs, for instance, the year-long solar exposure and the position of sun 
at the zenith (directly overhead) during the equinoxes. Thus it is interesting to find out 
how these climatic conditions could have benefited the daylit atria eventually. 
 
Today, rapid advances in technology as well as changing perception and 
demands of building developers, owners and tenants have also made the building 
design and performance evaluation more complex over time. Building designers are 
now required to evaluate the impact of design based on the various performance 
mandates. However, this study focuses exclusively on the daylighting aspect as it is 
also the key element in a glazed atrium building. Others like heating, ventilating, air-
conditioning equipment and thermal analysis are not covered. 
 
1.5 Research milestone and organisation of report 
After the identification of research questions, knowledge gaps and objectives, 
the next step is therefore to map out a research plan. This is to ensure that all the goals 
are achieved and the study is executed sequentially according to the blueprint. Table 
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1.1 provides an overview of the research milestone as well as the organisation of the 
main chapters in this report which is in accordance with the four major stages of study.  
 
Table 1.1. Research milestone and organisation of thesis report 
Research milestone 
(major stages) Organisation of thesis report 
Chapter 1: Introduction 
Chapter 2: Literature Review 
 
Chapter 3: Methodology 
Chapter 4: Atrium Prototypes STAGE 1: 
ANALYSIS Chapter 5: Prediction of Sky Patterns 
STAGE 2: 
DEVELOPMENT Chapter 6: 
Virtual Sky Domes (VSD) & Virtual Sky 
and Sun Domes (VSSD) 
STAGE 3: 
VALIDATION Chapter 7: Pilot Study & Validation 
Chapter 8: Data Analysis STAGE 4: 
APPLICATION Chapter 9: Conclusions 
 
Chapter One mainly provides an introduction to the problem under analysis, as 
well as the objectives and visions of the work. 
 
Chapter Two aims to review the literatures or precedent studies available and 
to develop the research hypothesis from these theories. Along with the research 
questions and problems identified, there are four major topics covered in this review, 
namely the atrium designs, prediction of sky patterns, Virtual Sky Domes (VSD) and 
computational simulations.  
 
Research methodology is given in Chapter Three. First, several site visits are 
carried out to examine the existing atria in Singapore and their common prototypes 
are transformed into computer generated models. Second, an analytical study is 
conducted simultaneously to derive the sky distributions based on the daylight 
measurements collected from Singapore IDMP station. Various sky models known 
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are Virtual Sky Domes (VSD) or Virtual Sky and Sun Domes (VSSD) are being 
created as a result of these derivations, mainly to resemble the frequent sky patterns in 
Singapore. Eventually, each of the atrium models and sky models generated from 
these two concurrent studies are merged in the final parametric analysis with the help 
of a computational simulation tool. 
 
Chapter Four mainly summarises the findings from case study of existing 
atrium buildings in Singapore. A collection of 66 daylit atria are being categorised 
and translated into a few numbers of atrium prototypes according to their similarities. 
Those atria that share the common forms, shapes and heights are then transformed to 
computer generated models. The methods in which the different parameters are being 
assigned to the atrium models, either in the simulation tool or during the modelling 
process, are also explained in this chapter. 
 
Despite the fact that various atrium characteristics are significant to the indoor 
lighting level, the outdoor environment such as sky distribution could also become the 
determinant factor of a good atrium design in terms of daylight. The only concern is 
that the sky condition could be very different from time to time and from place to 
place. The International Daylight Measurement Programme (IDMP) is therefore 
established to initiate the standardisation of daylight measurements, such that the data 
is available and comparable worldwide. In Chapter Five, the role of Singapore IDMP 
station as a hub at the equator to collect tropical weather data will be briefly 
introduced. The measurement data gathered from the station would first be processed 
and analysed based on the Tregenza analysis method, after which their daily, seasonal 
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and yearly changes are predicted and sorted according to the 15 homogenous sky 
types, also known as CIE Standard General Sky. 
 
Next, Chapter Six will describe the development of computer sky models such 
as VSD (Virtual Sky Domes) and VSSD (Virtual Sky and Sun Domes) to resemble 
the frequent sky patterns in Singapore. These sky models are mainly translated from 
the derived sky distributions, through the process known as sky mapping.  
 
Eventually, the components (atrium models and sky models) from both the 
studies are amalgamated and the process is converged in the final parametric study 
using computational simulation tool. Chapter Seven will serve as a test bed for 
evaluating the atrium prototypes (WI<1.0) under the CIE standard overcast and clear 
skies. The purpose is to validate the accuracy and appropriateness of VSD or VSSD to 
resemble the regional sky distributions. 
 
The full application of VSD or VSSD is covered in Chapter Eight, in which 
the findings are expected to sieve out the leading parameters that govern the daylight 
availability in an atrium building and to what extent these factors could help in 
decreasing its average lighting energy consumption. 
 
The final chapter is the conclusion. It includes the limitations and the 
contributions of the study, as well as some suggestions for future development. 
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2.1 Introduction 
This chapter presents the literature review of the topics related to this work. In 
general, the review is divided into four major parts in accordance with the research 
questions and research problems identified. 
a. Atrium designs; 
b. Prediction of sky patterns; 
c. Virtual Sky Domes (VSD); and 
d. Computational simulations. 
 
It starts with the introduction of interior environment, which focuses mainly 
on the identification of various design parameters that could possibly affect the 
daylight availability. For a good daylit atrium, in particular, several design parameters 
should be taken into considerations, namely the geometry, the roof construction and 
glazing, as well as the reflectance of atrium walls and floors.  
 
In most instances, a glazed space is also affected by the outside climate 
(Douvlou & Pitts, 2000). Therefore, as far as daylight is concerned, focusing only on 
the internal factor is insufficient to design an optimal atrium. Daylight comprises of 
the sun and the sky that are constantly changing from time to time. The changes of 
sky distributions are often more complex and thus the establishment of various sky 
models is necessary to describe the characteristic of these sky patterns. In achieving 
this, one needs to have the ability to interpret the sky conditions at specific time and 
location. For that reason, this chapter would include a review of the methods in 
analysing sky distributions, namely the relative indicatrix and gradation classification, 
and two other independent methods established by Kittler and Tregenza. The 
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strengths and weaknesses of each method are being compared in order to justify its 
feasibility in analysing the extreme daylight conditions in Singapore.  
 
As the range of frequent sky distributions is being derived, the subsequent 
subject of concern is how to reproduce these real skies under a controllable condition. 
For this matter, researchers are now seeking for some artificial skies that could 
resemble the real sky conditions and yet reproducible in a computer screen. The 
establishment of Virtual Sky Domes (VSD) definitely serves this purpose. Though the 
concept is still immature, it is so far one of the very few virtual sky domes available 
and the understanding of its processes is definitely beneficial to this study, which also 
aims to bring the outdoor experiments to a computer screen.     
 
While the building design and performance evaluation becoming more 
complex over time, one of the challenges in the design process is usually to 
understand the interaction between various aspects of building performance and their 
implications on complex building control systems. These are made possible nowadays 
with the help of various computational tools that gradually take over the conventional 
methods such as manual drawings, empirical calculations or physical model 
experiments. A wide range of simulation software is now available in the market. 
Some are free or open source, while others are expensive. Most users are likely to 
prefer an accurate tool with more user friendly interface, shorter learning curve, and 
more effective data exchange possibility. A review of this particular aspect is 
therefore useful in selecting an appropriate tool for this study.  
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2.2 Atrium designs 
The amount of daylight that penetrates into a building and the overall lighting 
level is very much dependent on its interior design and material used. Thus the focus 
of this section is to review any publications relating to the prediction of daylight 
illuminance levels in atria. They would be presented as follows in the concept by 
concept basis. The review is essentially to emphasise the importance of each element 
in an atrium building and to introduce the various design parameters that could 
possibly affect the atrium daylighting. 
 
2.21 Atrium shape and geometry 
The atrium size and geometry, also known as atrium type, can often affect the 
amount of daylight that penetrates into the atrium space, and in turn, its overall 
daylight distribution (Boubekri, 1995) as well as the total lighting energy 
consumption of the building (Laouadi & Atif, 2000).  
 
There maybe numerous possibilities of atrium types available out there and it 
is almost impossible to study all buildings that come along with atria. As a result, 
taxonomy was developed by Saxon (1986), trying to characterise some of the most 
typical ones. Besides, a series of numbers known as Well Index (WI) were also 
introduced by Kim and Boyer (1986) to quantify the various atrium shapes. This 
method was soon adopted as the primary variable to predict daylighting levels in 
atrium. In their study, Kim and Boyer had developed a relationship between the shape 
of the atrium and the Daylight factor (DF) at its center. The results demonstrated that 
horizontal illuminations at the central atrium are linearly related with WI on a 
logarithmic scale. Willbold-Lohr (1989), on the other hand, found that the illuminance 
CHAPTER 2: LITERATURE REVIEW 
Prepared by Soon Lay Kuan       HT050236U 14
received by any of the atrium surfaces is actually the collaborative effect of both 
direct sky component (SC) as well as internal reflected component (IRC).  
 
The inter-reflections help to transport natural light down to the lower floors 
and normally the portion of light not reaching the lower floor is either absorbed by the 
walls or drawn off the atrium towards the adjacent spaces through the openings 
(Boubekri, 1995). As a result, the shape and geometry of an atrium are crucial in 
affecting the reflected light off its wall surfaces. The study by Matusiak, Aschehoug 
and Littlefair (1999), for instance, demonstrated that a square shaped atrium usually 
provides about 10% DF more than a rectangular shaped atrium, though it has poor 
daylit areas near to the corners. A linear or street-type atrium is also found to have 
greater daylighting potential as its glazed street normally extends to the full length of 
the building. The inner surfaces can receive up to 50% DF more than a square atrium 
with the same depth, width and roof structure. In both rectangular and linear atrium, it 
is noted that the long-side walls have better light levels (around 2% to 3% DF) than 
short-side walls, since the area of sky component increases with the increasing length 
of atrium floor (Boyer & Kim, 1988a). 
 
In addition, atria with height larger than 0.75 of the width are also found not 
suitable for daylighting as the contribution of SC decrease rapidly with height. 
Usually atria higher than three storeys and accompanied with minimal amounts of 
glazing would begin to limit the daylighting usefulness (Gillette & Treado, 1988). 
One of the solutions is to design a stepped down atrium form or slopped facades 
(Navvab & Selkowitz, 1984; Aizlewood, 1995), so that the atrium floor is opened to 
more sky and thus the contribution of skylight is improved. To some extent, however, 
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this approach may be inappropriate as it also increases the depth of lower floors, and 
in turn, results in less light reaching the deep adjacent space. Furthermore, splaying of 
the atrium walls could also create a risk of reducing rentable floor area, especially at 
the upper floors, and this may not be desirable to most building developers.  
 
2.22 Atrium roof 
The next significant design parameter is the type of roof cover or roof 
configurations (Boyer & Song, 1994; Boubekri, 1995). The design of atrium roof 
essentially aims to admit as much diffuse daylight as possible, while limiting the entry 
of direct sunlight that might cause glare or overheating (Aizlewood, 1995; Boubekri, 
1995). 
 
Compared to an open courtyard, even the most minimal roofing structure or 
frames will reduce the light-admitting area by at least 10% and the addition of glazing 
material will further reduce the amount of light entering the atrium by at least 20% 
with single pane glass (Willbold-Lohr, 1989; Baker, Franchiotti & Steemers, 1993). 
According to Littlefair and Aizlewood (1998), roof structure has a larger impact on 
the top of atrium than its base because it normally cuts off more light to the top of the 
atrium sides. Depending on the roof configuration, any light attenuation due to 
structural elements alone, between 20% and 80%, is considered as normal (Boyer & 
Song, 1994). 
 
For roof openings with equal size, their configuration or skylight shape could 
also affect the intensity and direction of light reaching the atrium walls. Sharples and 
Shea (1999, 2000) observed that the obstruction loss on atrium daylighting due to 
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different roof shapes becoming more complex under partly cloudy skies. As skies 
brightened, the inclined glazed surfaces and structural elements could either reflect 
away bright skylight and sunlight, or reflect it into the atrium. For an atrium with 
simple horizontal glass cover, on the other hand, the predominant direction of light 
would remain vertical. Its sunlight penetration is the greatest only when solar 
elevation is high and the change observed usually consists of a progressive reduction 
in intensity. If appropriate strategies are adopted, however, the various skylights could 
also become the most effective fenestration options in terms of minimising total 
building energy for heating, cooling and lighting (Treado, Gillette & Kusuda, 1984). 
 
Apart from the optimisation of roof framings and skylight shapes, the selection 
of glazing with proper transmission properties is also crucial in providing as much 
daylight as possible to the atrium space and its adjacent floors (Jones, 1983; Navvab 
& Selkowitz, 1984; Kim, 1987; Matusiak & Aschehoug, 1998; Heschong & McHugh, 
2000; Calcagni & Paroncini, 2004; Sharples & Lash, 2006). The light transmittance of 
glass often varies with angle of incidence and, therefore, a careful design of roof 
fenestration system can help to limit glare, to mitigate passive solar heating effects as 
well as to supply adequate daylight but minimal sunlight (Boyer & Song, 1994). 
Under a detailed analysis on thermal transport and daylighting of atrium buildings, 
Gillette and Treado (1988) found the similar benefits of roof glazing in reducing 
lighting energy requirements, while Treado and Gillette (1986) observed a maximum 
reduction of 20% in annual building energy requirements. Despite all the energy 
savings capability, sometimes the counteracting effects were also found associated 
with changes in glazing area. For instance, larger glazing areas would reduce the 
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lighting energy while increase the cooling energy, but in some circumstances, these 
effects tend to cancel each other. 
 
2.23 Atrium surfaces 
The amount of daylight reaching the adjoining spaces, after being transmitted 
from the atrium roof, will depend largely on the size of opening within the atrium 
walls and the inter-reflection capability. Tregenza and Loe (1998) speculated that both 
the character of a room and the total quantity of illumination would be changed, if the 
walls, ceiling and floor are of low reflectance. To a certain extent, their contributions 
could be even more significant than the use of any light redirecting elements. 
 
Several precedent studies (Navvab & Selkowitz, 1984; Cole, 1990; Boubekri, 
1995; Bittencourt & Melo, 2001; Calcagni & Paroncini, 2004; Samant & Sharples, 
2004) have verified the significance of reflective characteristics of the surfaces 
enclosing a deep and narrow atrium space, especially in altering the daylight intensity 
that reaches the lower levels and the daylight distribution at adjacent spaces. Light 
coloured internal surfaces at the upper floors will normally help to reflect light down 
to the base and to distribute adequate daylighting especially under cloudy conditions. 
The scaled model experiments by Boubekri (1995) demonstrated that as the wall 
reflectance increases from 14% to 56%, the overall vertical DF on the walls would 
increase from 23% to 37% at the upper level, while from 11% to 23% at the lower 
level. 
 
Now that much of the light is transmitted into the adjoining rooms, the 
windows are often considered as area of low reflectance (Aizlewood, 1995). In 
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reflecting more light to the atrium base, therefore, the proportion of glazing between 
the atrium and its adjoining spaces is extremely crucial. The smaller the openings, the 
less light is drawn off from the atrium and thus, the illumination at the lower floor 
levels is higher. In enhancing the daylight potential in the middle and lower floors for 
a wide atrium, several authors (Aschehoug, 1986; Saxon, 1986; Cole, 1990; Atif, 
Boyer & Degelman, 1995; Boubekri, 1995; Littlefair & Aizlewood, 1998; Matusiak, 
Aschehoug & Littlefair, 1999) have suggested the idea of gradually increasing the 
proportion of opening to reflective surface of the atrium walls, from relatively small 
openings at the top to fully glazed openings at the ground. The explanation is that 
most daylight is usually available at the top of the atrium and thus its adjoining spaces 
need relatively smaller openings to achieve desired daylighting levels. This approach 
could indeed help to reduce solar glare on the top floors and to increase the daylight at 
poorly lit lower floors through the maximisation of IRC.  
 
Aschehoug (1986) conducted a scale model experiment to study the 
illumination of a street-type atrium and its adjoining spaces under various surface 
reflectances and glazing ratios. In achieving a good balance of daylight at an atrium 
with medium width/height ratios and high reflectance opaque facades, he has 
proposed the following glazing proportion. 
a. 50% for 4th floor;  
b. 60% for 3rd floor;  
c. 70% for 2nd floor; and  
d. 100% for 1st floor.  
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Besides the wall surfaces, floor reflectance is also found to contribute to the 
daylight availability. But according to Cole (1990) and Boubekri (1995), its 
significance is only limited to the lower floors. This is because the daylight levels on 
the top floor are primarily dominated by the SC with some contribution from wall 
reflectance. Whilst on the ground floor, there is little SC and the dominant 
contribution mainly comes from wall and floor reflections. In some circumstances, 
however, as observed by Boubekri, the increment of illuminance level due to floor 
reflectance could become disproportional. The experimental result shows that the DF 
near to the bottom floor doubled only when the floor reflectance is increased by eight 
times. 
 
2.24 Atrium adjoining spaces 
Architects today continue to depend on electric lighting for most of their 
commercial and institutional projects, though most people prefer a daylit building 
over its artificially lit counterpart. According to Moore (1985), direct sunlight, which 
is often considered undesirable, is a misconception since it introduces less heat per 
lumen into a building than most electric alternatives do. But this factor is also 
dependent on the glass properties. The potential of an atrium to save lighting energy 
relies very much on its ability to bring daylight into the adjoining spaces. 
 
In a typical atrium building, the daylight availability at spaces adjacent to the 
atrium core varies considerably with floor level. According to several authors (Cole, 
1990; Corcoron, 1993; Littlefair, 2002), the daylight from an atrium may not 
penetrate very far into the interior of its adjoining space and, even if it does, the 
daylight level is less than that in an equivalent side-lit space. The daylighting zone of 
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influence, where the atrium daylight affects its surrounding space the most, is 
assumed to include the atrium and adjacent spaces up to 30ft (9.14m) from the atrium 
(Gillette & Treado, 1988). Any daylighting related energy benefit beyond this point is 
often not credited.  
 
The field measurements by Atif and Galasiu (2003) demonstrated that the 
illuminance at the center of atrium base yielded from two to six times higher than that 
recorded far into the interior. The indoor illuminance was always found below 200lux 
at the test points located at 3.5m from the atrium perimeter. This drastic drop of 
illuminance suggests that the potential daylight contribution into the adjacent spaces 
is not significant enough for total dependency on daylighting, especially under partly 
cloudy and overcast skies. Hence, there is a need for additional electric lighting to 
accommodate for the potentially high brightness ratios between the center of atrium as 
well as its adjacent spaces and outdoors. 
 
Cole (1990) has explained two causes for the reduction of illumination from 
the top to the bottom and, from the outside to the inside. First, the amount of light 
falling on a surface is proportional to the area of sky that can be seen from that point. 
Similarly, the adjacent spaces facing atrium walls is dependent on the amount of sky 
vault visible through the roof of atrium and thus maximum daylighting potential is 
often observed only at upper floors, but rapidly diminishes as one progresses 
downward. His second theory explains the illuminance of the atrium walls that 
constitutes of IRC that decreases with depth and as a result, the daylight potential 
reduces at the adjacent spaces near to bottom levels.  
 
CHAPTER 2: LITERATURE REVIEW 
Prepared by Soon Lay Kuan       HT050236U 21
The depth to which daylight penetrates into an adjoining space can be roughly 
estimated using the “no sky line” (Littefair, 1991). The no sky line divides those areas 
of the working plane which can receive direct skylight, from those which cannot 
receive any. In an area with room surface screened from direct skylight (lit only by 
reflection), the illuminance is typically less than one-tenth that of equivalent positions 
near a window (Tregenza & Loe, 1998). Areas beyond the no sky line will generally 
look gloomy and supplementary electric lighting is usually required. 
 
In fact, apart from varying the glazing area or the glazing type with floor level, 
as described earlier, there are few other design solutions to improve the penetration of 
daylight into adjoining spaces. For instance, the incorporation of additional 
fenestrations could help to bring in more light. It is rather common nowadays to find 
that the adjoining rooms in most atria are also lit from outside the building at the same 
time (Littlefair & Aizlewood, 1998). Other remedies such as increasing the head 
height of apertures and surface reflectances, using innovative glazing systems and 
changing the roof profile, can be useful too. Sometimes the use of reflective elements 
on the façade openings, such as fins and light shelves, will not only help to free the 
facades, but also to reflect light to the sides and the corners of the atrium floor (Saxon, 
1986; Atif, Boyer & Degelman, 1995).  
 
Not too long ago, Atif and Galasiu (2003) have even proposed the utilisation 
of an automatic lighting control system per floor to accommodate for the daylight 
distribution at various atrium heights. They presented the field measured energy 
performance of two common types of daylight-linked lighting control systems, 
namely the continuous dimming and automatic on/off, installed in two existing large 
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atrium spaces in Canada. The measurements indicated that significant lighting energy 
savings could be achieved and uniform illumination in the atrium space could be 
improved, if appropriate daylight-linked lighting control system is selected. For 
instance, the continuous dimming lighting control system provides around 46% 
annual savings in electric lighting consumption during main occupancy hours, while 
the automatic on/off system helps to save 11% to 17% of lighting energy.  
 
2.3 Prediction of sky patterns 
Daylight can be regarded as a design and engineering media, as a health media, 
and as a sustainable media (Steffy, 2002). It comprises of two major components, 
namely the Sun and the Sky, which are also recognised as two S’s (Hopkinson, 
Petherbridge & Longmore, 1966; Kittler et al., 1998a; Tregenza & Loe, 1998). Both 
Sun and Sky are capable of influencing global natural conditions with their overall 
characteristic changes, including the seasonal variations or daily rhythms. The former 
provides information for building designers to decide on the building orientation, 
while the latter has significant impact on the transmittance of skylights and, 
consequently, on the daylight availability in an atrium and its energy consumption 
(Laouadi & Atif, 2000). Normally the sun’s position is given in terms of solar altitude 
and azimuth that can be easily determined from the solar geometry. But unlike the sun, 
the sky condition is highly unpredictable and its quantity is far more variable than 
sunlight. Apparently similar skies on successive overcast days, for instance, can differ 
greatly in brightness.  The following sections would mainly review the methods in 
interpreting the different sky types according to their luminance distributions. 
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2.31 Existing sky models 
In nature, there is a variety of sky luminance distributions, spanning from 
overcast to cloudy and clear skies. These sky patterns are often random and thus a 
guideline is necessary to give them specific descriptions. Several methods have so far 
been proposed by CIE to standardise the exterior daylight conditions for worldwide 
application. The intention is to provide a means for the characterisation of daylight 
climate in any arbitrary locality as well as the calculation of exterior daylight, because 
both of them define the basic sources of daylight simulations in the interiors (Kittler 
& Darula, 2002a).  
 
At the beginning, it is obvious that the CIE standardisation approach took 
simplicity and the smallest number of standards was its first priority. The first sky 
model was classified into two extremes, either as CIE standard overcast or as CIE 
standard clear sky. The standard overcast sky model was actually proposed by Moon 
and Spencer (as cited in Igawa & Nakamura, 2001). It assumes the sun disc to be 
invisible and absolutely hidden by several diffusing stratus cloud layers, while the 
luminance distribution is even and equal in all azimuth directions, with a gradual rise 
in luminance from horizon to zenith in the proportion of 1:3. According to Kittler 
(1994a), any overcast sky patterns close to this CIE standard can be expected in all 
climatic zones where dense multi layer stratus cloudiness covers the entire sky vault, 
especially during dull and rainy days. The other extreme case― clear sky model, was 
first introduced by Kittler (as cited in Igawa et al., 2001) and according to the author, 
its similar sky patterns are often found in mountainous areas, unpolluted countryside 
locations or during winter seasons and after rain, the time when pollution and 
humidity are reduced, after being washed out of the atmosphere. 
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Wright and Letherman (1998) have argued in their literature review of 
prediction methods on illuminance in atria that the overcast sky luminance condition 
may not seem to be the worst case situation for an atrium building. First, it is noted 
that the frequency of occurrence for heavily overcast skies is very low in reality. 
Second, peak sky luminance under the overcast sky is normally found at the zenith 
and it is the point where the atrium receives most of its light entering from the vertical 
direction (Cole, 1990). Conversely, the peak sky luminance under clear sky is found 
adjacent to the solar disc and the patch of low luminance is usually present at an angle 
of 90˚ along the great arc from the solar disc (Kittler et al., 1992). In this context, 
therefore, a clear sky with low solar elevation is expected to produce lower Daylight 
Factor (DF) values indeed.  
 
Later, the study by Igawa et al. (2001) also demonstrated that the frequency of 
occurrence for sky luminance distributions close to both CIE standard skies is 
considerably small, as most of the real skies lie between these two extremes. For 
applications such as energy calculations or daylight design under average conditions, 
very often the knowledge of intermediate sky luminances that include different 
brightness level near the sun position is necessary (Littlefair, 1985). Hence, in the late 
90s, Kittler, Darula and Perez had proposed a new range of standard skies based on a 
set of mathematical equations describing the 15 alternative luminance distributions of 
the sky vault (Table F.1 in Appendix F). They represent skies that change smoothly in 
luminance from the horizon to the zenith and with angular distance from the sun. 
These 15 homogeneous luminance distributions were soon adopted as an ISO 
Standard (2004) and published as CIE Standard General Sky (2002). A study of 
maritime climate by Tregenza (1999) has verified the accuracy of the illuminance 
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calculations based on this 15 standard set, which is significantly better as compared to 
the CIE overcast sky alone. Further, the findings from Li, Lau and Lam (2001) also 
shows a good agreement between the overcast sky model from the CIE Standard 
General Sky and the luminance measurements collected under the overcast skies from 
Hong Kong IDMP station, with mean-square error of 0.5 and root-mean-square error 
of 20.8. 
 
Nevertheless, the prediction of sky patterns based on these 15 sky types is 
again being challenged by a recent study from Wittkopf and Soon (2007), wherein 
around 49% of the luminance scans collected from Singapore IDMP station are found 
to have frequency distributions with sky types that are unclassified under the 15 
standard general skies. This is the preliminary conclusion drawn from the daylight 
measurements in equatorial country and further verifications of its validity is indeed 
necessary, especially with inclusion of more data collected from the stations in low 
latitude regions. But meanwhile, its finding definitely draws a major concern within 
the profession. This is an indication of a set of standards, which seems to fit well with 
the seasonal and temperate climate, may not be so applicable to the hot and humid 
region, where the cloud cover can be chaotic and rapidly changing, and in turn, makes 
the sky luminance distributions less steady and more extreme.  
 
In practice, there may be many other numerical models available to describe 
and represent the sky luminance distributions, such as the Intermediate Sky 
(Nakamura, Oki & Hayashi, 1985), BRE Average Sky (Littlefair, 1981), Perraudeau 
model (as cited in Littlefair, 1994) and All-weather model (Perez, Seals & Michalsky, 
1993). By having all these sky models, however, the major concern is how to 
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determine the sky distributions at a particular time or location, and subsequently, to 
identify the best fit sky models, such that this knowledge could be adopted in the 
building development.  
 
Currently there is a lack of standardisation in data analysis and researchers are 
still searching for the most reliable way to derive approximate sky patterns based on 
the measurement data. This is crucial as all the measurements and assessments will 
help to make accurate long term predictions for daylight or to verify new theoretical 
models. Without some form of standardisation, the derived results are not likely to be 
comparable. So far there are three established analysing methods that are developed 
from the CIE Standard General Sky. They are covered in this review, namely the 
relative indicatrix and gradation evaluation, and two other independent methods 
proposed by Kittler and Tregenza. Since the targeted location in this study is 
Singapore, the review of sky prediction methods will mainly focus on their respective 
effectiveness to encounter for the extremely high midday sun altitude.  
 
2.32 Relative indicatrix and gradation classification method 
Sky patterns can be defined by both relative scattering indicatrix and gradation 
functions. The former expresses the diffusion of sunbeams into all directions within 
the atmosphere, which is also a perfect Lambertian diffuser created by Mie scattering 
in an ideal turbid media (Kittler et al., 1998a). A method was developed earlier on 
(Kittler et al., 1992; Kittler, 1993) to derive the relative scattering indicatrices from 
sky luminance scans, using solar almucantar measurements (details are found in 
Appendix F). As shown in Figure 2.1, the relative scattering indicatrix drops to 1 
when the angle becomes 90˚. The six standard indicatrices numbered by Arabic 
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numerals 1-6 are modelled by ‘c’, ‘d’ and ‘e’ parameters of the general indicatrix 
formula (Table F.1 in Appendix F).  
Figure 2.1. Standard indicatrices 
 
Meanwhile, the relative gradation function represents the drop or rise in sky 
luminance from the sky zenith towards its horizon. The curves represented in Figure 
2.2 are symmetrical along the axis of 0˚ and each of them describes graphically how 
sky luminance varies with distance from the zenith. The six standard gradations 
numbered by Roman numerals I-VI are defined by ‘a’ and ‘b’ parameters of the 
universal gradation formula (Table F.1 in Appendix F). 
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Figure 2.2. Standard gradations 
 
The real cause of scattering is the atmospheric turbidity, but the gradation 
function is more dependent on the optical air mass effect (Kittler, 1985, 1994b). Using 
specific combinations from both of these formulae, a set of fifteen standard skies 
defined as CIE Standard General Sky is formed to cover the usual spectrum of typical 
skies (Table F.1 in Appendix F). 
 
Sometimes the complexity during the application could make the relative 
indicatrix and gradation classification method infeasible in real situations. No doubt 
the solar almucantar measurements have the advantage of measuring diffusion close 
to the sun disc, but the additional scan routine along solar almucantar could also 
disrupt the default pattern of scanning the whole sky vault. Thus more time is 
necessary in sun searching and additional computing, scanning and storage of solar 
almucantar data in another set of files (Kittler, 1993).  
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Furthermore, the diffusion indicatrix also becomes less informative as the sun 
gets higher. The almucantar measurement is useful merely for radiance or luminance 
scans measured below the solar altitudes of 45˚. The higher the sun’s position, the 
shorter and less informative is the indicatrix, because the angular distance χ is usually 
available from around 40˚ to 100˚. If applied in equatorial and tropical regions, 
therefore, sky luminance measurements have to be concentrated either in the early 
morning or evening periods, when the sun positions are low and the diffusion 
properties of the atmosphere can be more precisely investigated. (Kittler, 1985) 
 
2.33 Kittler’s parameterisation of Lz/Dv 
According to Kittler and Darula (1997a, 1997b, 1998c), the parameter Lz/Dv is 
a rough measure of sky luminance distribution. The zenith vector luminance, Lz has a 
direct influence on the resulting (scalar) horizontal diffuse or sky illuminance level, 
Dv and, therefore, their ratio Lz/Dv can be taken to denote the prevailing character of a 
particular sky (Darula, Kittler & Wittkopf, 2006) (details are found in Appendix F). 
At low solar altitudes, for instance, the ratio Lz/Dv can differentiate quite nicely 
between skies according to their luminance gradation differences. Below is the 
recommendation from Kittler and Darula (1998c, 2002b) to sort the sky patterns 
according to Lz/Dv ratios, valid only for sun elevation below 30˚.  
a. Under 0.2, clear and partly cloudy sky patterns are prevailing;  
b. Between 0.2 and 0.3, the intermediate skies have to be expected; and  
c. Beyond 0.3, the overcast skies are most probably present.  
 
Owing to solar corona effect, the zenith luminance, Lz often becomes 
inconsistent when sun elevation is high (Kittler, Darula & Perez, 1998b; Li, Lau & 
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Lam, 2003). Thus after 30˚, as shown in Figure 2.3, the curves increase exponentially 
and collide with one another.  
Figure 2.3. Standard Lz/Dv for sky types 1-15 
 
Apart from the inconsistency of Lz/Dv at higher sun angles, this approach also 
has its own limitation during the measurement of sky luminance. The luminance of a 
single small patch of sky can fluctuate greatly even under stable cloud conditions 
when the overall pattern and the mean luminance are changing slowly and, therefore, 
using the measured zenith luminance as the basis for fitting a standard sky type to a 
scanned distribution can also be a cause of uncertainty in practice (Tregenza, 2004). 
The closer the sun disc approaches the zenith, the less reliable is its measured 
luminance. Moreover, in low latitude climates the sun is frequently within a small 
angle of the zenith and thus the luminance is either not known, because measurements 
of the sky patch surrounding the solar disc are excluded from the scanned data, or is 
subject to huge measuring error (Tregenza, 2004; Darula et al., 2006). In Singapore, 
for instance, its location at the equator makes the sun directly overhead during the 
equinoxes (Figure 2.4). The sun can reach up as high as 90˚ in the midday. This could 
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possibly result in dummy data during the measurement of zenith luminance and 
eventually influence the Lz/Dv parameterisation (Li et al., 2003).  
 
Figure 2.4. Waldram Diagram showing Singapore sun path on 21st day of every month 
 
2.34 Tregenza’s evaluation method Lv/Dv 
Instead of using one luminance measurement from the zenith, Tregenza (1999, 
2004) has employed all 145 luminances from the sky scanner to evaluate the sky 
distributions. The measured luminances, Lv are normalised with respect to the 
calculated horizontal illuminance, Dv and the frequent sky type is identified based on 
the root mean square, rms errors of all measurements (details are found in Chapter 5). 
The advantage is that the mean will always exist and for this reason, it is readily 
usable for the predictions of sky pattern. On top of that, the sky patches that fall 
CHAPTER 2: LITERATURE REVIEW 
Prepared by Soon Lay Kuan       HT050236U 32
within 8° of the sun are also removed to eliminate dummy readings from the sky 
scanner, preventing the mean from being distorted by extreme values. Both these 
merits have made the measurement of sky luminance and prediction of frequent sky 
patterns in location like Singapore more feasible and favourable. 
 
Perhaps it is also a pity that sometimes the contributions such as the three 
analysing methods covered in this review are rarely adopted or not used at all by the 
average architects in their design concepts for improving the daylighting performance 
in the design of windows. Not surprisingly, it is found that the problem mostly lies in 
the complications of mathematical formulations involved. The architects who are not 
trained in this area may find them hard to follow and apply. Unless proper 
mathematical program is used, the Tregenza method that takes into account all 145 
luminances in the sky vault, for instance, may cause complexity in the process of 
computations. 
 
2.4 Virtual Sky Domes (VSD) 
Sky distribution is one of the key factors in determining the daylight 
availability of an atrium building. But the problem of daylight calculation mostly 
arises from the sky irregularity over time. There is often a strong relationship between 
stability of sky conditions and stability in the performance of the model (Cannon-
Brookes, 1997). Under an unstable real sky condition, in particular, the rate of 
variability in the divergence of sky distribution and brightness will cause the daylight 
performance highly unpredictable. In order to make the variations of sky distribution 
more controllable, therefore, various sky simulators or artificial skies have been 
constructed and used for indoor laboratory studies of daylight. For instance, the mirror 
CHAPTER 2: LITERATURE REVIEW 
Prepared by Soon Lay Kuan       HT050236U 33
box at Copenhagen School of Architecture (Christensen, 1976) ― a square room of 
20m2 floor area; the sky simulator domes (Mardaljevic, 2002a) at University College 
of London and the Welsh School of Architecture, each consists of 5.4m in diameter 
with 270 lamps and 8m in diameter with 640 lamps respectively; and the 5m diameter 
Bartlett Variable Luminance Artificial Sky with 270 luminaires. These standard 
laboratory methods can only simulate limited sky luminance distribution in real and 
very often those skies are expensive, owing to either the cost in setting up or the 
maintenance cost to repair the multiple lamps inside the artificial sky simulators. 
 
In order to counter the pressure of real sky’s fluctuations as well as the various 
technical problems of artificial skies, therefore, many daylight researchers are trying 
to simulate various instantaneous states linking sunlight and skylight conditions in an 
arbitrary location based on the local measured or momentary satellite data and 
complex computer models. The existing artificial sky simulators are now being 
replaced by virtually created sky domes, such as the Virtual Sky Domes (VSD), with 
the help of computers. Essentially, the VSD are computational sky vault models first 
created by Wittkopf (2004, 2005, 2006a) to resemble Singapore daylight conditions 
without sun. They are established based on the 15 standard homogeneous luminance 
distribution statistical models defined as CIE Standard General Sky. This concept is 
so far one of the few resolutions to sky irregularities and high maintenance costs. 
 
The prior condition for its formation is an appropriate sky mapping and there 
are two possibilities to achieve this (details are found in Chapter 6). To ensure that the 
simulation is regional and time specific, first, the locally measured data or luminance 
scans collected from the IDMP station are turned into numerical values and integrated 
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with the VSD models which have been prepared using CAD program. In the second 
approach, the skies are assumed to be homogenous at all times and the daylight 
calculations are considered placeless. The statistical skies derived from IDMP 
measurements need to be translated into the 15 theoretical CIE models, before their 
sky distributions are mapped onto the VSD models.  
 
After the various sky distributions are mapped using either one of the methods 
above, the VSD are ready to be imported into the light simulation tool such as 
Lightscape for simulation. The feasibility of VSD without sunlight was first proven in 
the evaluation of advanced daylight technologies across different regions (Wittkopf, 
2007). While the sky models inclusive of the sun, known as Virtual Sky and Sun 
Domes (VSSD), have just been theorised recently (Darula, Kittler & Wittkopf, 2006). 
Their integration with the sunlight is still considered as immature and yet to be 
verified so far. 
 
2.5 Computational Simulation 
Manual analytical studies, physical scale modelling and computer simulations 
are the three most popular methods of evaluating daylighting design in atrium 
buildings (Littlefair & Aizlewood, 1998). Each of these methods has its own 
limitations that prevent it from being the robust method for data collection. Study on 
their precedence is important to identify their constraints and subsequently to select 
the appropriate technique to use. As shown in Table 2.1, out of the 29 references on 
atrium studies, only 10 (34%) have used the computational design support tools, while 
the rest have adopted the conventional approaches, such as algorithm analysis and 
scaled model experiment. Computer simulations have become mature only after the 
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late 80s. At its early development, majority of the studies were focusing more on the 
accuracy of tools and the resolutions to improve the related software.  
 
Table 2.1. Different methods adopted by precedent studies in predicting daylighting of atria 
Techniques applied  
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Before the invention of computer technologies, there was a perception that 
physical modelling approaches gave the most reliable illuminance data and thus they 
were often used as a benchmark to evaluate other prediction techniques. But the 
findings of Canon-Brookes (1997) and Mardaljevic (2001) have provided 
considerable evidence to challenge this stand. First, the physical scale modelling is 
suitable only for simple calculations and it is unable to predict the visual quality of 
daylighting. It has limited flexibility and restricted range in the observation of the 
model interior. If testing under the real skies is required, there are always worries of 
uncontrollable conditions. But if the matter of concern is about the accuracy of scale 
CHAPTER 2: LITERATURE REVIEW 
Prepared by Soon Lay Kuan       HT050236U 38
model measurements under sky simulators, Canon-Brookes’ study reveals that a small 
scale model, even carefully constructed, can generally over-predict the illumination 
by a substantial margin. It was found that the scale model illuminances outperformed 
the on-site measurement by about 60% under the overcast sky conditions. Whilst for 
the non-overcast skies, the divergence between model and real building performance 
was even greater, between 100% and 250%. According to both the authors, the errors 
are largely attributed to dimensional accuracy and photometric properties of the 
materials used as the interior surfaces. The dimensional or human errors are inevitable 
and will always exist in physical model experiment as it is hard to build an exact 
representation of actual building in a small scale, though it is also arguable that the 
inaccuracy due to materials could be found in other daylight predicting tools. All in 
all, they are both time-consuming for a novice and costly for a small project.  
 
Today, computers are gradually taking over the role of conventional methods. 
Despite the fact that the learning curve for some of these programs is steep and the 
operation could sometimes be very complicated, the use of daylighting or lighting 
computer programs is slowly gaining importance in the field of building design. 
Under some circumstances, the computer simulation can even replace the expensive 
and time consuming field tests. In achieving the similar objectives, most designers 
will rather prefer computer simulation than the complicated and time-consuming 
traditional approaches that use hour-by-hour of evaluations. The domains such as 
boundary conditions could be altered easily using the computer design support tools 
and the results could be generated instantaneously. It has been verified that even a 
lengthy computation time is still faster than alternatives of physical models, either full 
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size or scaled (Close, 1996). This consideration is particularly crucial during the 
initial design stage, when several building schemes and concepts are being studied.  
 
As the building forms are becoming more complex, the underlying notion for 
the development of daylight simulation tools is also to unravel the difficulty in 
accessing daylight quality and quantity in a space through simple rules of thumb. 
Today, the computer graphics based tools have proven to extend the possibilities of 
manual methods and physical scale models, mainly due to their flexibility and walk-
through animation capability, as well as the ability to conduct advanced computations. 
They allow the designers to alter the input data and to perform simultaneous 
qualitative and quantitative analysis under alternative daylight settings. A building 
can now be evaluated and refined in advance of its construction with programs linking 
daylighting, energy use and economic factors, permitting rigorous analysis in 
quantifiable format (Close, 1996). These are useful in leading to an improved 
understanding of the behaviour of various climatic agents and thus providing 
confidence in design. The designers can now choose the appropriate architectural and/ 
or technical solutions that could help to achieve a comfortable built environment on 
the one hand, while reduce energy consumption through the substitution of daylight to 
electric light and a better use of the solar heat on the other. 
 
Having a useful and accurate daylight prediction tool will encourage the 
design profession to integrate daylighting in the interior lighting solutions (Shalaby, 
2002). Several studies on the accuracy of computer simulation tools have further 
verified their significance to the conventional methods. According to Sarawgi (2004), 
the computer model graphs tend to follow the actual space graphs more closely than 
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the physical scale model, giving a better idea of the illuminance pattern. A few test 
cases by Aschehoug (1986) also showed a good agreement between the computer 
results and the model measurements, with maximum discrepancies up to ±20%.  
 
In regard to the public response, a web-based survey on the current use of 
daylight simulations in building design was conducted by Reinhart (2006). The survey 
yielded 185 valid individual responses from 27 countries, ranging from energy 
consultants and engineers (38%), to architects and lighting designers (31%), as well as 
researchers (23%). Over 91% of the respondents included daylighting aspects in their 
building design and among those participants who were considering daylighting, 79% 
used computer simulations. Usually, the tool usage was significantly higher during 
design development than during schematic design. Most survey participants used 
daylighting software for parameter studies and presented the results to their clients as 
a basis for design decisions. According to the author, the use of scale model 
measurements has fallen compared to the 1994 survey, whereas, trust in the reliability 
of daylighting tools has arisen.  
 
Compared to the survey done in the world wide platform, Lam, Wong & 
Henry (1999b) studied the usage of performance-based building simulation tools 
specifically in Singapore. The objective of the survey is to develop a better 
understanding of the extent to which these tools have been used in Singapore and, 
meanwhile, to identify the barriers towards their wider application. Within one month 
data collection period, self-administered questionnaires were mailed out to 584 firms 
in Singapore and 164 valid responses were returned. The survey showed that the 
usage of generic lighting software such as Radiance and Lightscape was limited and, 
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in most cases, daylighting was not even considered in their design. These daylighting 
and electric lighting software were used by 25% of the surveyed engineering firms, as 
opposed to 11.3% for the architectural firms. The engineers mainly used the software 
supplied by the lighting manufacturers, while the architects used the rendering 
software mainly for presentational purposes. It was found that over 80% of the users 
utilised the software from the beginning of the schematic design as well as during the 
design development stage.  
 
2.51 Lightscape 3.2 
Computer simulation software was developed from a number of different 
disciplines. Today, there are substantial numbers of computer software program 
available, often with good degree of accuracy, in modelling the distribution of light 
inside a building from sources such as luminaires and sunlight, or even skylight 
through windows. These software packages usually use the algorithms based on total 
radiosity (flux transfer) computations, physically accurate ray tracing or a 
combination of both (Estes, Schreppler & Newsom, 2004).  
 
One of the popular lighting software in the profession, known as Lightscape, is 
selected as a device in the subsequent analysis. It uses both radiosity and ray tracing 
algorithms, but only the radiosity solution is considered for the quantitative results. 
Radiosity is the general name for a category of lighting simulation algorithms that 
entails the subdivision of scene into discrete patches, and subsequently, the 
determination of the light transferred between the patches which constitutes an 
energetic equilibrium (Goral et al., 1984; Geebelen & Neuckermans, 2003; Geebelen, 
van der Voorden & Neuckermans, 2005). It is intrinsically more efficient than ray 
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tracing for computing the overall light distribution in a scene, because its progressive 
refinement and adaptive meshing methods have made the simulation view 
independent (Franks, 2004). In most implementations, it can be stopped and restarted 
at any time the user wishes, for instant visual feedback and lighting calculations of the 
design space. However, the drawback of this approach, as opposed to its counterpart, 
ray tracing, is that the radiosity feature in Lightscape does not support bi-directional 
reflectance distribution function (Inanici, 2001) and it assumes that all the materials 
are uniform Lambertian diffusers. Thus it is difficult to include the behaviour of 
specular materials.  
 
Lightscape is in widespread use in current lighting research and a review of its 
applications could help to identify its strengths and weaknesses. Several studies (Ng, 
2001; Shalaby, 2002; Tsangrassoulis & Bourdakis, 2003; Sarawgi, 2004) have shown 
good agreement with the measured data, confirming its scientific validity. For 
instance, Ng (2001) conducted a study on daylighting performance of heavily 
obstructed residential buildings in Hong Kong, under the CIE standard overcast sky. 
He compared the indoor vertical Daylight Factor (DF) of windows at different 
residential units obtained from field measurements against algorithm calculation and 
computational simulations using Radiance (ray tracing) and Lightscape (radiosity). 
The results showed that both Radiance and Lightscape tend to over-estimate daylight 
availability at lower floor levels (or when the angle of obstruction is high), but 
Lightscape was relatively more accurate for obstruction more than 40º. 
 
Similarly, Tsangrassoulis and Bourdakis (2003) carried a simple DF prediction 
at the center of a 100m2 square atrium, trying to compare the differences between 
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Tregenza’s design formulae against the simulations from Lightscape and Radiance. 
The study focused on the agreement among the three methods of daylight prediction 
and the observations showed that their relative differences tend to increase with the 
reflectance of wall surfaces. The average relative difference between Radiance and 
Tregenza’s method was 30%, while the difference between Lightscape and 
Tregenza’s method was 38%. According to the authors, the discrepancies could be 
explained as the cause of reflection deep in the atrium, in which more stress has been 
put on the software. However, there are also some doubts for these observations as the 
consistency of other parameter settings in both the simulation tools has been neglected 
in the study, though, under some circumstances, time and location may not have 
significant influence on the CIE overcast sky and can be excluded. 
 
In Shalaby’s study (2002), he observed that there is a linear relationship 
between illuminance measurements from Lightscape’s model and the actual space, 
under multiple conditions. But the simulation of simple computer generated model is 
more accurately representing the daylighting illuminance than both the moderate and 
the detailed models. His observation is congruent with the findings from Sarawgi 
(2004), in which her quantitative results also indicate that Lightscape is more accurate 
in predicting the illuminance levels of a simpler and smaller space that have lesser 
number of polygons. Sarawgi’s study aims to test the performance of Lightscape 
compared to the physical models and it was found that the DF illuminance graphs of 
the computer model had demonstrated deviation ranging from 17.98% for a small 
building to 19.89% for a larger and more complicated building. Besides the meshing, 
the accuracy of the software is also dependent on the type of simulation environment 
defined by users. Lightscape has three basic daylight parameter settings, namely the 
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interior, exterior and exterior-interior solutions. Comparison between the real 
measurements and the simulated illuminance values, it was proven that Lightscape, 
using the interior solution, showed average underestimations ranging from 17% to 
35% (Shalaby, 2002).  
 
Although the primary focus is on the accuracy of predicted illumination, the 
selection of an appropriate tool also lies on other criteria, such as the ease of use and 
interoperability with existing CAD programs, the complexity in domain settings, the 
learning curve, the preparation and simulation timescale, as well as the cost (Estes, 
Schreppler & Newsom, 2004). Lightscape has an advanced lighting and visualisation 
application for creating a photo-realistic three-dimensional model or space. And 
similar to other state-of-the-art computer graphics based tools, it also has an add-on 
walk-through animation capability. Renfro et al. (1999) and Thurnauer (2001) found 
that Lightscape, with careful handling, could be used as a visualising tool to replicate 
the architectural environments in real. Despite of its limitation due to radiosity 
algorithm, Lightscape, in general, is identified as the lighting software suitable in 
conducting quick iterative daylight explorations and producing photometrically 
accurate results which are essential to any design decision making process.  
 
2.6 Hypothesis 
The indoor and the outdoor environments are two key factors that determine 
the daylight availability within a building and thus its overall lighting energy 
consumption. The former comprises of the atrium designs that have significant impact 
on the daylight availability, while the latter often refers to the ever-changing sky 
distributions. 
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For atrium design alone, it is hypothesised from the literature review that the 
propagation of daylight within the atrium and its adjoining spaces is greatly affected 
by the following parameters. The subsequent parametric study is expected to show the 
relationship between the various properties of these architectural components and the 
daylight conditions inside the building. 
a. Atrium forms; 
b. Skylight shapes; 
c. Building floor heights; 
d. Wall and floor reflectances; and 
e. Glazing transmittances. 
 
Apart from the various atrium designs, sky distribution is also a major 
component in daylight calculation. However, its irregularity is often a major concern. 
From the literature review, the actual daylight illuminance of a room is attributed to 
the luminance pattern of the part of sky in the direction of view of the fenestration. A 
reliable standard sky that expresses real sky luminance distributions in a specific 
location is required for the simulation and evaluation of daylit environment. Therefore, 
the first step towards evaluating the daylighting performance of atria in Singapore 
requires an accurate estimation of the amount of natural light coming from the sky as 
well as the average distribution of luminance over the sky vault.  
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3.1 Introduction 
In the first chapter, readers have been introduced to the four stages of research 
milestone that the organisation of this thesis report is based on, beginning from the 
analysis of both interior and exterior factors that influence the atrium daylighting, 
followed by the development of atrium prototypes and sky models that should be 
validated before being fully applied in the final simulations. The next step is therefore 
to design a comprehensive scheme such that all these visions and objectives are 
achieved.  
 
The study of atrium daylighting is essentially divided into three major parts 
and this chapter aims to present their research methodology step by step. For the 
indoor environment of atria, first, it is necessary to examine the existing atrium 
buildings in Singapore and to identify the typical atrium types and skylight shapes, 
such that the representative characteristics of these atrium prototypes could then be 
transformed into generic models using CAD program.  
  
Besides, an analytical study of the exterior environment is also conducted 
concurrently with the exploration of atrium prototypes. Its focus is mainly to process 
and to analyse the daylight measurements collected from the Singapore IDMP 
(International Daylight Measurement Programme) station and to derive the frequent 
sky distributions in Singapore from these data, based on the Tregenza’s evaluation 
method. The derived statistical skies are then translated into the 15 homogeneous 
theoretical sky models known as CIE Standard General Sky and their flux 
distributions are mapped onto the Virtual Sky Domes (VSD) or Virtual Sky and Sun 
Domes (VSSD).  
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The last part of this study involves the integration of both indoor and outdoor 
environments of atria. Both the case study of atrium design and the analytical study of 
sky distributions are converged in the final parametric study using the computational 
simulations. Atrium models with various design parameters are merged with the 
appropriate sky models known as VSD or VSSD that resemble Singapore skies. After 
that, their daylight and lighting energy performance are determined based on a few 
performance indicators, such as the Daylight Factor (DF), Daylight Autonomy (DA) 
and Energy Cost Savings (ECS). 
 
3.2 Research methodology 
As mentioned in the hypothesis, two aspects should be taken into 
consideration when creating an optimal atrium design in terms of daylight, namely the 
atrium designs and the external sky conditions. A scheme is therefore designed to 
verify this statement as well as to accomplish the objectives and visions. As illustrated 
in Figure 3.1, this study could essentially be divided into three major components. 
Case study is conducted primarily to gather the information of existing atria in 
Singapore and their design parameters (also known as the interior factors), while the 
analytical study is carried out mainly to consolidate, to process and to analyse the 
luminance scans and subsequently to derive the frequent sky patterns in Singapore. 
Finally, computational simulation is used as a tool to merge these two elements 
(atrium models and sky models) and to study the interactions between them. 
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To explain further, basically, two studies are being explored concurrently at 
the beginning stage. On one hand, several site visits are conducted to examine the 
properties of existing atria in Singapore, such as their typical types, shapes and 
geometries. The purpose is to ensure that the atrium prototypes selected for the final 
analysis are representative of Singapore. Those prototypes that share the common 
features are then transformed into simple generic models using the CAD program. 
There are two explanations for this simple translation. As reviewed in the previous 
chapter, first, the accuracy of Lightscape simulation improves as the number of 
polygons for the model is minimised. Second, in accordance with the study that aims 
to provide rudimentary design guides for the local designers, therefore, the generic 
computer models are more suitable to represent the typical atrium designs.  
Case 
Study 
Existing atria in Singapore 
 Three atrium forms 
 Three skylight shapes 






 Atrium forms 
 Skylight shapes 
 Atrium heights 
 Walls/ floors reflectances 
 Glazing materials 
 Sky types 
Time of the day/sun elevations
Performance Indicators 
 Daylight Factor (DF) 
 Daylight Autonomy (DA)   







station in 1998 & 1999 
Most frequent sky 
patterns in Singapore 
Virtual Sky Dome 
(VSD) or Virtual Sky 
and Sun Dome (VSSD)
+ 
Figure 3.1. Schematic design of research process 
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On the other hand, it is also acknowledged that sky conditions have significant 
impact on the transmittance of natural lights into atria. Majority of the precedent 
studies on atrium daylighting have assumed the background sky to be completely 
overcast and according to the authors, the rationale is to ensure that the worst case 
scenario is being analysed. From the literature review, however, a daylit atrium 
building is found to be highly dependent on the inconsistency of sky distribution and 
more often than not, clear sky with low solar elevation has the most difficulty in 
transmitting sufficient daylight into the atrium space. As a result, the derivation of 
average skies is important and the prediction of frequent sky patterns in Singapore 
could be made possible by analysing the luminance measurements recorded from its 
IDMP station in 1998 and 1999. The derived statistical skies are translated into the 15 
standard sky models known as CIE Standard General Sky. In order to make the sky 
distributions more controllable and to duplicate the real skies under an indoor 
condition, artificial sky models that resemble the frequent sky patterns in Singapore, 
also known as VSD or VSSD, are being established. 
   
Eventually, both atrium models and sky models are merged in the final 
parametric study using the computational simulation tool. It serves as a device of the 
quantitative analysis to assess the interaction between different architectural 
components of the atrium and the daylight conditions inside the building, which are 
often affected by a range of outdoor sky distributions.  
 
3.3 Case study 
There are numerous atrium designs available, either conventional forms or 
extraordinary shapes. The study of daylight performance in each of them is obviously 
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time-consuming and infeasible. Therefore, one of the solutions is to compile the most 
typical atrium designs, such that the design preference of the local designers is known 
and the prediction of daylight availability is made more regional specific. In ensuring 
that the building prototypes used in this study is representative of the atrium buildings 
in Singapore, several field visits are carried out to collect the samples of existing 
daylit atria. With the help of CAD program, these atrium prototypes are then 
transformed into computer generated models. 
 
3.31 Conditions and assumptions 
Several bounding conditions are predefined prior to this field study, assuring 
that the selected atrium buildings correspond to the definitions and objectives. 
a. Only public accessible atrium buildings are included, while other building 
types such as residential and industrial are not covered in this study, 
mainly because these building types are mostly private properties and they 
rarely incorporate atrium or skylight in their buildings; and 
b. Only daylit atria with glazed skylights are considered. 
 
3.32 Sample size 
The targeted population covers the existing daylit atria with skylights in 
Singapore and a total of 50 atrium buildings are randomly selected from the whole 
island. All of them are public accessible commercial buildings. As shown in Figure 
3.2, majority of them are concentrated within the central of business and commercial 
district. Some of these buildings may have more than one atrium, thus making a total 
of 66 daylit atria ready for investigation. 
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Legends  Quantity  Hospitals 1 
  Office buildings 4  Schools 1 
  Government buildings 2  Libraries 1 
  Infrastructure facilities 2  Cultural buildings 1 
  Retail buildings 31  Eating outlets 1 
  Hotels 6  Total 50 
Figure 3.2. Distribution of atrium buildings in case study 
 
3.33 Atrium modelling and parameters’ setting 
The common atrium prototypes derived from the case study have to be 
transformed into generic models before they are finally imported into the simulation 
tool. During the process of modelling, special considerations are necessary to ensure 
that the creation of simple models has as minimal polygons as possible and each 
model is assigned with appropriate parameters. Some of the assumptions are defined 
as follows. 
a. No obstructions are assumed either from the surrounding buildings or 
within the atrium space. For instance, the roof framings, escalators, 
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elevators, plants, signs and banners, which could further obstruct the 
direct sky components and reflect the light; and 
b. All surfaces are assumed to be perfectly diffuse.  
 
Besides, it is also hypothesised from the literature review that the various 
architectural components of an atrium have significant impact on the daylight 
availability inside the building. These parameters include the atrium geometry and 
configuration, the surface reflectance and the glazing transmittance. It is therefore 
important to assign appropriate materials and characteristics to each of the computer 
generated model that represents the typical atrium prototype in Singapore. The 
following demonstrates the ways in allocating the design parameters and changing 
their settings in Lightscape program or during the modelling process.  
 
A. Atrium types and skylight shapes 
Atrium types are usually defined from the heights and forms, while skylight 
shapes include the different roof profiles such as flat, dome, barrel-vault and pyramid. 
Both of them are important architectural design elements and quantification of their 
geometry into a single value is useful in making them more comparable. Kim and 
Boyer (1986) and Liu, Navvab and Jones (as cited in Aizlewood, 1995) have agreed 
that Well Index (WI) is a good measure of the daylight availability in an atrium. It is 
normally used to relate the light-admitting area of the atrium (length x width) to the 
surface area of the atrium walls (height x (width + length)). The Illuminating 
Engineering Society (IES) has also applied this method to evaluate the well efficacy 
at the skylighted room.  
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                                                                      (3.1) 
 
WI permits a comparison between several atrium shapes connected to a 
specific height of the building. A high WI means that the atrium is tall and narrow, 
and usually the base of atrium receives less light or little light penetrates to the 
adjoining lower floors. Conversely, a low WI means that the atrium is wide compared 
with its height, and the adjoining spaces have a better chance of receiving light 
through the skylight. 
 
B. Wall and floor reflectance 
The fraction of incident light reflected back by a surface is also known as 
reflectance. Reflection could be specular or diffuse, depending on the nature of the 
surface. For lighting calculations in buildings, however, it is usually enough to 
assume that diffuse reflection is dominant and that each material has its own total 
reflectance value. For instance, the typical reflectance for white paper is 0.8, clean 
concrete is 0.4 and dark wood is 0.1. (Tregenza & Loe, 1998) 
 
Owing to time limitation, only three instances are used in this study to 
represent a wide range of material reflectances available, from scale of 0.1 to 0.8, and 
an intermediate of 0.45. As shown in Figure 3.3, they are defined in the Lightscape 
program as HSV or RGB colours.  
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Figure 3.3. Setting of material’s reflectance in Lightscape 
 
C. Glazing materials 
The glazed skylight has significant effect on the amount of light entering the 
atrium and its adjoining spaces. Therefore, three types of glazing materials with 
different transmittance properties are used in the analysis (Table 3.1). As noted, the 
purpose of this study is to produce comparative results for various atrium designs and, 
therefore, it is fine to assume the glazed skylights to be single pane glass with 
thickness of 6mm. The simplification could help to reduce the iterative radiosity 
processes and the time taken for each simulation.  
 
Table 3.1. Glazing properties (Source: Lawrence Berkeley National Laboratory, LBNL) 
Glazing materials 
Properties 
Clear Tinted Low-E 
Thickness [m] 0.006 0.006 0.006 
Solar transmittance at normal incidence 0.775 0.100 0.600 
Solar reflectance at normal Incidence: Front side 0.071 0.110 0.170 
Solar reflectance at normal Incidence: Back side 0.071 0.380 0.220 
Visible transmittance at normal Incidence 0.881 0.100 0.840 
Visible reflectance at normal Incidence: Front side 0.080 0.110 0.055 
Visible reflectance at normal Incidence: Back side 0.080 0.320 0.078 
IR transmittance at normal Incidence 0.000 0.000 0.000 
IR hemispherical emissivity: Front side 0.840 0.840 0.840 
IR hemispherical emissivity: Back side 0.840 0.530 0.100 
Conductivity [W/mK] 0.900 0.900 0.900 
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As represented in Figure 3.4, the physical properties of Lightscape have six 
parameters: transparency (0 to 1), reflectance (0 to 2), shininess (0 to 1), colour blade 
scale (0 to1), refractive index (1 to 2.5) and glow (in cd/m2). The glazing properties 
could be defined in Lightscape simply by replacing its “transparency” parameter with 
appropriate transmittance values from Table 3.1.  
Figure 3.4. Setting of glass transmittance in Lightscape 
 
3.4 Analytical study 
Basically, the analytical study involves the assessment of daylight 
measurements from Singapore IDMP station, which is also useful in the prediction of 
average statistical skies that are transformable into VSD or VSSD for simulations. 
This section will mainly introduce the methods adopted and the size of data covered 
in the analysis. Complete details such as the station’s description, the mathematical 
formulations of sky prediction and the establishment of VSD or VSSD would be 
illustrated in the subsequent chapters.  
 
3.41 Conditions and assumptions 
The following conditions and assumptions are made prior to the analytical 
study.  
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a. Climatic change is assumed to be consistent and the current sky 
patterns is similar to the one measured by sky scanner at Singapore 
IDMP station back in 1998 and 1999; and 
b.  The prediction of sky patterns is based on the 15 sky types recognised 
by ISO/CIE Standards (ISO, 2004 and CIE, 2002), as shown in Table 
F.1 in Appendix F. 
 
3.42 Data size 
The half hourly luminance data collected from 1 January 1998 to 9 May 1999 
(494 days) are gathered, processed and analysed. To further eliminate dummy 
readings, the records are confined to those with solar position above the horizon, that 
is, from 8am to 6pm (11 hours per day), making a theoretical total of 10,374 
luminance scans. Owing to some short periods of missing data, however, only 8,703 
scans are available for this study (Table 3.2). The missing data are sparsely distributed 
and mainly caused by some technical problems. No measure is taken to extrapolate 
the data since the objective of this study is to identify the predominant sky types from 
comparative results, rather than getting their absolute values or percentages. If the 
differences among those sky distributions are significant, the lack of some data would 
not have large impact on the overall distributions. Besides, the study also avoids 
running into the risk of creating more errors by predicting the missing data through 
average or extrapolation method. The sky distributions tend to fluctuate from time to 
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Table 3.2. Total number of half hourly luminance scans available for study 
Descriptions Number of scans available 
Total theoretical scans 10,374 
Available 1 Jan 98 – 31 Dec 98 6,259 (82%)  
Available 1 Jan 99 – 9 May 99 2,444 (90%) 
Available total 8,703 (84%) 
 
3.43 Prediction of sky patterns and creation of sky models 
Before any artificial sky models could be developed for simulations, their flux 
or luminance distributions have to be made available through the prediction of 
average skies. From the literature review, it is acknowledged that there are presently 
three methods for analysing the luminance scans and predicting the sky patterns, 
namely the indicatrix and gradation classification method, the Kittler parameterisation 
of Lz/Dv and, the Tregenza evaluation of Lv/Dv. Each of them has its own strengths and 
weaknesses, but it is deduced from Chapter 2 that the Tregenza approach is the most 
suitable one for analysing the measured data at Singapore IDMP station, after 
considering its extreme climatic condition and high sun elevation in the midday.  
 
Real sky conditions are highly variable and the daylight analysis would 
become uncontrollable if done outdoor. Therefore, the development of homogenous 
statistical skies from luminance scans is useful in stabilising the sky distributions and 
ensuring that there are no interruptions due to any climatic changes. For the purpose 
of computational simulations, each sky with appropriate luminous flux distributions 
would be mapped onto the artificial sky models known as VSD or VSSD. These 
statistical skies are derived based on the 15 sky models defined as CIE Standard 
General Sky (Table F.1 in Appendix F). The complete mathematical frameworks are 
found in Chapters 5 and 6. 
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3.5 Computational simulation 
The final parametric study involves the evaluation of daylighting and energy 
performance in atria under a wide range of sky conditions, as well as the study of the 
interactions between various architectural components and daylight conditions inside 
the buildings. In achieving the above mentioned objectives, therefore, the computer 
generated atrium models are merged with the VSD or VSSD that resemble the 
Singapore frequent sky patterns, with the aid of computational simulation tool. The 
emphasis of this study is towards the use of only one simulation tool in order to 
achieve consistency in the program settings and final results. Lightscape program is 
chosen as the tool simply because of its capability in producing both qualitative and 
quantitative results with high accuracy, as well as its readiness to incorporate the VSD 
or VSSD.  
 
3.51 Performance indicators  
As mentioned in Chapter 1, quantitative analysis is the focus in this parametric 
study. The main purpose of numerical testing is to assess whether there is likely to be 
adequate daylight for the atrium space and the adjacent offices, and if not, the way in 
which it can be achieved. In arriving to this, first, the horizontal illuminances 
generated from computational simulations are recorded. Then the data are processed 
based on a few performance indicators to further predict the daylight availability and 
energy performance in the buildings. Description of the various performance 
indicators and their respective mathematical formulations are covered below.  
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A. Daylight Factor (DF) 
The brightness of the sky and the other daylit surfaces seen through the 
window often acts as a reference in our judgements of interior brightness. As a result, 
Daylight Factor (DF) is used to describe the ratio (usually in percentage) of interior 
illuminance to the external global horizontal illuminance under an overcast sky 
defined by the CIE luminance distribution (CIBS, 1984). It is a common indicator for 
expressing the daylight availability, usually evaluated at a point or points inside the 
room. The higher the DF, the more natural light is available in the room and thus it is 
useful for finding the overall area of glazing required at the early design stages of a 
project (Tregenza & Loe, 1998). 
                     (3.2) 
 
Although this is a fair model of sky brightness under certain types of dull 
weather conditions, it is not particularly common. Most researchers (Hunt, 1980; 
Tregenza, 1980; Rutten, 1990) also agree that the current definition of the DF is 
inappropriate to convert accurately from the horizontal illuminance under an 
unobstructed sky to the actual illuminance in a room. Indeed, the fundamental 
problem here is the difference in statistics between the indoor and outdoor 
illuminances, which can be caused by the changing illuminance pattern of the sky 
dome. This situation will become more critical in the tropical countries like Singapore, 
as overcast is not its frequent sky conditions. If applied to the local building design, it 
could often cause over-provision of electric lighting. Since it is impossible to 
reproduce the naturally occurring variation in the quality, character and distribution of 
internal daylight levels, a new method is proposed. Unlike the conventional approach, 
DF = 
Indoor illluminance at a given point 
Exterior horizontal illuminance
X 100% 
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the atrium models in this parametric study are simulated under a set of frequent sky 
distributions in Singapore, thus making the DF indicator more suitable for regional or 
local building context. Instead of point to point evaluation, the DF is also taken as an 
average at the atrium base and its adjacent rooms at each level.  
 
Of course the DF under an overcast sky is quite different from the clear sky. 
The indoor illuminance of DF under the clear sky condition will always be higher 
than the overcast sky. For instance, if the standard DF of 5% is required in a room 
without the supplementary of electric lighting (Littlefair, 1998; Tregenza & Loe, 
1998), then the similar DF under a clear sky condition will be much higher (its value 
depends on the outdoor illuminance) and will certainly meet the threshold. This study 
primarily aims to propose the use of appropriate reference skies that are more 
representative of the equatorial climate during the calculation of DF. DF is basically 
the ratio between indoor and outdoor iluminances and, therefore, it is useful to the 
study of glare in future. The desirable ranges of DF are to be analysed in a more 
specific study in future and its benchmark is to be recommended by the authorities. 
 
From the literature review, it is also understood that the DF in a room is 
basically affected by three components: sky component (SC), externally reflected 
component (ERC) and internally reflected component (IRC). However, the externally 
reflected component is excluded in this study simply because the analysis is not case 
specific and all the atrium models are built standalone without any influence from the 
surrounding buildings. 
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B. Daylight Autonomy (DA) 
In ensuring that the common requirements are fulfilled in this study, therefore, 
references are made across different universal guidelines and local standards, such as 
the UK Chartered Institution of Building Services Engineers (CIBSE) Code for 
Interior Lighting (CIBS, 1984), the US Illuminating Engineering Society (IES) 
Handbook (Kaufman, 1972, 1987) and Singapore Standard Code of Practice for 
Artificial Lighting in Buildings (CP38: 1987). By comparing the various standards, it 
is acknowledged that a general recommended illuminance level of 300lux is meant for 
room of simple visual requirements, while a minimum of 150lux is required for an 
atrium or public circulation space.  
 
Daylight Autonomy (DA) is a measure of how often or percentage of the 
working year when a minimum work plane illuminance threshold can be maintained 
by daylight alone. In this case, the conditions are defined as 300lux for adjacent 
rooms of basic visual demands and 150lux for central atrium space. All atrium 
buildings are assumed to be intelligent, fully installed with state-of-the–art 
technologies, such as sensors and automatic switches that could turn off or dim down 
the lamps when sufficient daylight is available.  
 
C. Energy Cost Savings (ECS) per area 
As mentioned earlier, it is assumed that the atrium buildings are fully 
equipped with automatic on/off lighting control or dimming system. Therefore, the 
total lighting energy savings of these buildings are equivalent to their respective 
Daylight Autonomy (DA). If each of these buildings has achieved the maximum 
lighting power budget of 15 W/m2, as predefined by the Singapore Standard Code of 
CHAPTER 3: METHODOLOGY 
Prepared by Soon Lay Kuan       HT050236U 62
Practice for Energy Conservation in Building Services (CP 24: 1999), then one is able 
to predict its total Energy Cost Saving (ECS) per unit area that always fluctuates with 
the tariff system and the operating hours (Equation 3.3). 
 
For the purpose of this study, the computation of energy cost will follow the 
latest tariff system which takes effect from 1 October 2006 (Singapore Power, 2004). 
According to the system, the current electricity rate for non domestic with low tension 
is 21.64¢/kWh. The operating period for these atrium buildings is 8am-6pm (11 hours 




If the probability of occurrence for each sky types is known, then the annual 






= DA x maximum lighting power budget x kWh price x burning      
   hours per year                                                                      (3.3) 
= (Prob. Sky Type 1 x ECS1 + …+ (Prob. Sky Type N x  
    ECSN )                                                                      (3.4) 
Annual energy cost 
savings per area 
ECS per 
area 
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4.1 Introduction 
This is not a case specific study and it might not be possible to simulate all 
atria, but in order to achieve a better study on atrium daylighting, it is necessary to 
identify the typical atrium designs in Singapore. Since a specific design trend would 
probably last for a certain period of time, the rationale behind this investigation is to 
recognise the atrium designs commonly adopted by the local designers, such that the 
subsequent analysis is beneficial not only to the existing atria, but also their similar 
designs in the near future. Several site visits are conducted to collect a sample of 
existing atrium buildings in the island of Singapore and to categorise their common 
designs and attributes.  
 
The concept of atria was introduced in Singapore since the 80s and for the past 
two decades, we have seen the blooming of atrium buildings island-wide, taking an 
advantage of local climate that offers full blast of sunshine all year round. Though 
these buildings are often designed for specific purposes at different budgets and by 
different designers, there are likely to be some properties commonly shared among 
these projects. Therefore, this chapter summarises the findings from the case study 
and subsequently quantifies their common attributes such as atrium types, heights and 
skylight shapes into statistical forms. These attributes are also some of the important 
parameters in affecting the daylight performance of a daylit atrium, as hypothesised in 
Chapter 2.  
 
A few numbers of theoretical atrium prototypes are derived by sorting the 
various atria into common designs and qualities, after which they are transformed into 
computer generated models and imported into Lightscape program for simulations. In 
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Lightscape, these models are made to inherit various design parameters such as 
surface reflectances and glazing transmittances, before being incorporated with the 
VSD or VSSD of appropriate sky distributions. The final simulations are completed 
with the help of batch processing and the details will be discussed in the subsequent 
chapters.  
 
4.2 Properties of existing atrium buildings 
As mentioned in the previous chapter, 50 atrium buildings are selected 
randomly as the case study and a total of 66 daylit atria are found eventually, since 
some of the buildings have installed more than one atrium. The detail information of 
all the atrium buildings is found in Table A.1 of Appendix A. Very often these atrium 
buildings are designed for different purposes, though, in general, the incorporation of 
atria serves to transmit daylight into the indoor environments. Figure 4.1 shows the 
categorisation of atria that share the common space use. In most instances, the atrium 
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Figure 4.1. Functions of atrium space 
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The use of active ventilation is also very common in Singapore, probably due 
to its hot and humid climate throughout the year. The study has found that more than 




















Figure 4.2. Ventilation of atrium space 
 
As reviewed in Chapter 2, atrium forms and skylight shapes are both 
important architectural design elements. Skylights can provide useful daylight to the 
indoor space, while atrium forms influence daylight availability in the atrium and its 
adjacent spaces. Figures 4.3 and 4.4 show the atria of different forms and skylight 
shapes that are gathered from the case study. The categorisations are based on the 
classical configurations and roof profiles commonly shared among these atria. Other 
unusual geometries that are rarely seen are classified under the undefined groups. 
From the charts below, therefore, it is found that the three most regular classic forms 
for atria are four-sided square, rectangular and linear; while the typical skylight 
shapes are flat roof, ridge and barrel vault. The combinations from these atrium forms 
and shapes are later defined as atrium prototypes in Singapore. 
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Figure 4.4. Typical skylight shapes in existing atrium buildings 
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Apart from different shapes and forms, the 66 daylit atria also vary in floor 
depths, ranging from 2 to 35 storeys height (details are found in Table A.1 of 
Appendix A). In order to make the sample data more manageable for analysis, the 
population of atria is narrowed to a central 50% of the regular floor heights and Well 
Index (WI), with lower and upper limits of 25th and 75th percentile respectively. Table 
4.1 summarises their typical floor depths and WI (refer to Equation 3.1 for its 
mathematical formula). 
 
Table 4.1. Floor heights in existing atrium buildings 
Scale Number of floors Well Index (WI) 
25th percentile 3 0.8 
Median 4 1.1 
75th percentile 6 1.5 
 
4.3 Establishment of atrium prototypes 
After identifying the regular atrium designs adopted by local designers and 
some of their common sharing properties, therefore, the next step is to consolidate and 
convert these bits and pieces of information into a few generic models known as 
atrium prototypes.  
 
A building in an early conceptual stage for which probably only the shape is 
outlined, a simplified method of making preliminary estimates of such performances 
could be very useful in the subsequent design process. The typical geometries and 
configurations of atria in Singapore are presented in Table 4.2. As mentioned earlier, 
the WI is a good measure of the daylight availability in an atrium and it is normally 
used to relate the light-admitting area of the atrium to the surface area of its walls. 
Thus its application is particularly crucial to amalgamate the atria of various forms 
and skylight shapes with different floor heights. 
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Table 4.2. Summary of the common properties in most atrium buildings in Singapore 


















6 floor heights 1.6 
 
From the observation of existing atrium buildings and some of the common 
features inherited by them, it is foreseen that there is a possibility to create more 
atrium combinations beyond the existing ones in this parametric study. The purpose is 
to make the overall findings more extensive and representative, such that the final 
assessment is not confined only to a few design choices derived from some standard 
forms and shapes sparsely found in the case study. 
 
A total of nine theoretical atrium prototypes are created as a result of the mix 
and match of the three regular atrium forms and skylight shapes respectively. Each of 
the atrium prototypes is labelled with a distinct index number, ranging from C1 to C9 
(the prefix “C” refers to combination). All the prototypes in Table 4.3 are commonly 
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Table 4.3. Nine theoretical combinations of atria 






C2 4-sided square 








C5 4-sided rectangular 














Lightscape takes more time to compute as numbers of polygons in a model 
increase (Sarawgi, 2004). This limitation discourages the use of crude design process 
models that are usually not mindful of the number of polygons. As a result, the 
CHAPTER 4: ATRIUM PROTOTYPES 
Prepared by Soon Lay Kuan       HT050236U 70
generic atrium prototypes shown in Table 4.3 are modelled using CAD program, 
based on the conditions and assumptions in Chapter 3.33. 
 
As illustrated in Figure 4.5, all the computer generated models have open 
office spaces along the sides of a fully enclosed atrium located at the central core. In 
order to focus the daylight entering from skylights, therefore, there should be no 
exterior fenestrations along the periphery of buildings. The basic configuration of a 
square atrium model in this study, for instance, consists of four-sided atrium with flat 
glass roof, which is built within a three storeys building. Its glazed skylight runs a 
maximum extent of the central atrium, with office space flanking the atrium on its 
perimeters at every floor level, spaced up to 9m from the central core. The openings 
facing the core of atrium consist of 1.5m horizontal bands, which are punctuated at 
1m sill height from each floor. Except for flat roof atria, the gable’s height or radius 
for both the ridge and the barrel vault skylights is always 2.5m from horizon of 
skylight, regardless of the atrium forms and Well Index. 
Figure 4.5. Atrium configurations (a) dimensions for square, rectangular and linear atria (b) section 
view of a three storeys atrium building with flat skylight (not to scale) 
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4.5 Configuration of design parameters 
Five design parameters of the atrium alone (interior factors) are covered in this 
study and, at least, two of these parameters are defined in the simulation tool. They 
are the wall or floor reflectance and the glass transmittance. An accurate material 
representation in the computer models is very important but it is also often 
cumbersome. For instance, the reflective and transmissive properties of the materials 
should ideally match with those used in the actual building for accurate reflection, 
refraction and absorption of light. As these are hardly predictable in real, therefore, 
the resolution is to adopt the scale system, such that each of these parameters is given 
three instances: the minimum; the intermediate; and the maximum scale.  
 
As shown in Table 4.4, the relationships of all the five design parameters are 
arranged in a matrix form. This is to ensure that none of the parameters’ combinations 
are left out in the analysis. The parameters such as atrium forms and skylight shapes 
are represented by the various atrium prototypes ranging from C1 to C9, as defined in 
Table 4.3 above. The numerals with the prefix “I” represent the sequence of interior 
parametric settings, while the cells in grey indicate the repeating cases which are 
being eliminated. For each set of simulations under a particular sky condition, there 
are 108 combinations of atrium models inherited with different properties. In all 
instances, when one parameter is changed, the others will always remain constant. For 
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Table 4.4. Total combinations atrium models with various interior parametric settings, 
arranged in the matrix form 
Floor heights Wall/ Floor reflectances Glazing materials Parameters 
3 floors 4 floors 6 floors 0.10 0.45 0.80 Clear Tinted Low-E 
C1 I1 I10 I19 I28 I40 I52 I64 I79 I94 
C2 I2 I11 I20 I29 I41 I53 I65 I80 I95 
C3 I3 I12 I21 I30 I42 I54 I66 I81 I96 
C4 I4 I13 I22 I31 I43 I55 I67 I82 I97 
C5 I5 I14 I23 I32 I44 I56 I68 I83 I98 
C6 I6 I15 I24 I33 I45 I57 I69 I84 I99 
C7 I7 I16 I25 I34 I46 I58 I70 I85 I100 










C9 I9 I18 I27 I36 I48 I60 I72 I87 I102 
3 floors I37 I49 I61 I73 I88 I103 










I39 I51 I63 I75 I90 I105 
0.10 I76 I91 I106 















I78 I93 I108 
 
Figure 4.6 shows an example of the parameter settings for a square atrium 
with flat clear skylight (reference ID: I1). This square atrium has a flat roof with 
single clear glazing and is built within a three storeys building (at 3.6m per floor). It 
has 60% reflectivity on both its wall and floor.  
Reference ID.: I1 
Atrium type: Square 
Skylight shape: Flat 
Floor height: 3 (WI = 0.8) 
Reflectance: Atrium wall ― 0.6 Atrium floor ― 0.6 
 Glazing material: Single pane clear 
Figure 4.6. A sample of parameter setting for square atrium with flat clear skylight 
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4.6 Summary 
It is rather common to find various kinds of atrium buildings at the downtown 
area nowadays. Each of them would serve for different functions and probably look 
distinctive from the outside. However, there are bound to be some similarities among 
these atria, if they are being sorted in appropriate categories and their common 
properties are being identified. All these are also the aims of this study. The formation 
of atrium prototypes, which are representative of the common atrium designs in 
Singapore, is useful in the prediction of daylight performance and energy usage of the 
existing atria, as well as the building forms in near future.  
 
From a variety of atrium buildings, readers would probably notice that these 
atria are being translated into a few numbers of standard prototypes, which are later 
transformed to computer generated models. This strategy will help to make the scope 
of coverage broader in subsequent daylight analysis, instead of focusing only on a 
specific atrium design, which is mostly found in the precedent studies. Meanwhile, it 
is also envisaged that the final results could become a reference guide to the local 
designers in future, especially when they are designing atria that conform to any of 
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5.1 Introduction 
Daylighting today has benefited, in particular, from work in the last 10 years 
associated with International Daylight Measurement Programme (IDMP). A large 
amount of daylight measurements are gathered from distinct locations worldwide and 
processed as part of this program. As mapped out in the research methodology, 
processing of daylight measurements is an important step for the analytical study. It 
helps to identify the changes of sky distributions over a particular time and thus is 
also useful in the prediction of average skies in Singapore. The first part in this 
chapter will therefore briefly describe the establishment of IDMP station in Singapore, 
which is located within the campus of National University of Singapore (NUS). 
 
Though the program in Singapore has been terminated and its IDMP station is 
closed, its contribution in the daylighting study should not be neglected. The efforts of 
CIE and the investment of international community in the time and resources would 
be wasteful if the data evaluation and application are not properly carried out. 
Therefore, the second part of this chapter focuses mainly on the prediction of average 
skies in Singapore based on the luminance scans and illuminance measurements 
collected from the IDMP station. 
 
Geographical location of Singapore within the equator region has resulted in a 
year round hot and humid climate, with extreme daylight conditions and high solar 
altitude in the midday. Thus it is often difficult to identify the most accurate method 
to derive the frequent sky pattern under this kind of tropical climate. As discussed in 
Chapter 2, there are so far three established analysing methods, namely the indicatrix 
and gradation classification method, the Kittler Lz/Dv parameterisation as well as the 
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Tregenza Lv/Dv evaluation method. But out of the three, the approach from Tregenza 
is identified as the most suitable one in analysing the measured data from Singapore 
IDMP station. It is adopted in this study mainly to analyse the luminance scans and 
illuminance measurements recorded from 1 January 1998 to 9 May 1999, and 
subsequently to derive the frequent sky patterns according to the 15 homogeneous 
statistical skies known as CIE Standard General Sky.  
 
5.2 Singapore IDMP 
In Singapore, there has been strong sense of awareness to conserve energy, in 
particular where our land is lacking in natural resources to sustain the ever-rising 
demand for energy. To design a building with integrated daylighting and energy 
conserving artificial system, it is therefore essential to collect data of a much more 
intensive type. The first IDMP station at National University of Singapore (NUS) was 
set up by Professor Lam K.P. and Dr M.B. Ullah in October 1987. This daylight 
measurement station was subsequently upgraded to a Research Class Station nine 
years later with the installation of a sky scanner (EKO MS-300LR). Thereafter, 
luminance data was collected at the station for the purpose of research study till the 
end of 1999, when the key persons that pioneered this project had left the university 
and the station had to close down temporarily due to insufficient funds to maintain the 
equipments. A detailed description of the IDMP station and its equipments could be 
found in Appendix C. 
 
CHAPTER 5: PREDICTION OF SKY PATTERNS 
Prepared by Soon Lay Kuan       HT050236U 76
5.3 Tregenza’s evaluation method Lv/Dv 
Out of the three analysing methods reviewed in Chapter 2, the procedure 
established by Tregenza is adopted to analyse the Singapore luminance scans. It may 
not be the best method, but definitely it is the most suitable one when account is taken 
of the limitations of each method described above, and the fact that Singapore is 
located at a low latitude with high solar elevations and unstable sky conditions. 
 
In maximising the sky coverage and reducing the errors due to dummy 
readings at the zenith, Tregenza (1999, 2004) had suggested the application of all 145 
luminance values from sky scanner to analyse the sky distributions. In general, the 
measured luminances Lv are normalised with respect to the calculated horizontal 
illuminance Dv and the derivation of sky patterns is based on the mean values of entire 
luminance scans. The steps are being briefly illustrated below, but accompanied with 
slight modifications on the original mathematical symbols.  
 
Step 1: Remove the luminance for sky patch within the 8˚ of the sun position 
The sky patches that fall within the 8˚ of the sun are removed from the set, in 
order to eliminate errors or dummy readings from the scanner in the immediate 
vicinity of the sun. In most cases this involved a single patch, but in some cases two 
adjacent patches are removed. 
 
Step2: Calculate Dv from the measured luminance distribution  
According to Tregenza (2004), the use of diffuse horizontal illuminance Dv as 
normalising factor gives two significant advantages: 
a. more stable measure than the luminance of a single patch of sky; and 
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b. most commonly available from meteorological records and therefore could 
be used to link scanned luminance data with existing long-term statistics. 
 
The diffuse horizontal illuminance from a sky patch of luminance Ln (in cd/m2) 
bounded by the elevation angles γ1, γ2 and azimuth angles α1, α2 (in radians) is: 
γαγγγγ
α




1∫ ∫=  
      ( )( )212212 sinsin2 ααγγ −−= nL         [lux]                                                 (5.1) 
and for sky patch 1-144,   
301
πγγ −=  ; 
302
πγγ +=   
n
παα −=1  ; n
παα +=2                                                                                               (5.2) 
for sky patch 145, 
 
61















ππα −=                                                                                           (5.3) 
 
The total diffuse horizontal illuminance Dv (in lux) for the sky vault is the sum 
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Meanwhile, Kittler et al. (1992) has also proposed Equations 5.5 and 5.6 to 
coarse check the measured Dv. The horizontal illuminance from a sky patch of 



















LD n        [lux]                                                    (5.5) 
where n: the number of measurement points in a ring (Table C.4 in Appendix C)      
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The total horizontal diffuse illuminance Dv (in lux) from the whole sky is the 
sum of values from the individual patches at scan elevations of 6˚, 18˚, 30˚, 42˚, 54˚, 
66˚, 78˚ and 90˚. The summation is:  
[∑ ∑ ∑ →→→ ++= 84616031301 00750.000407.000144.0 LLLDv π     
                    ∑∑∑ →→→ +++ 13812712610910885 01288.001099.000862.0 LLL                                            
                   ]∑∑ ++ → 145144139 01093.001409.0 LL                                                        (5.6) 
 
Both methods to derive Dv from measured luminances, either Kittler et al. or 
Tregenza, should produce the same results. Good agreement between the measured 
and calculated Dv is expected, especially under overcast sky conditions or 
homogeneous sky in general (Kittler, 1992). 
 
Step 3: Divide the scanned luminances by calculated Dv 




L 1451→=                                                                                                                     (5.7) 
 
This will provide an array of a maximum of 145 number of Lpr in which the 
ratios would be compared against the standard general skies. 
 
Step 4: Calculate relative luminance distribution for each Standard General Sky  
Together with the solar elevation and azimuth at the time of the measured scan, 
the relative sky luminance Lv of an arbitrary sky element located on the sky vault by 
the shortest angular distance from the sun position χ and that from the sky zenith Z is 
 ( ) ( )ZfLv ϕχ=                                                                                                                   (5.8) 
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Step 5: Find the Lprst for each general sky luminance distribution 
Use either Equation 5.4 or 5.6 to compute the corresponding diffuse horizontal 
illuminance Dv. Then, a set of Lprst is found by applying Equation 5.7, in which each 
of the relative luminances Lv is normalised with respect to the horizontal illuminance 
Dv.  
 
Step 6: Calculate root-mean-square (rms) error between each type of general sky and 
the measured values 















,                                                                                        (5.9) 
where n: total number of patches (exclude any patches that are not present in the 
measured sky data) 
 
Repeat Step 1-6 for every measured luminance scan and the results are 
tabulated in a sample matrix form shown in Table 5.1. 
 
Table 5.1. Sample matrix for tabulating the rms of each sky luminance scans 
Sky luminance scan Sky Type 1 Sky Type 2 … Sky Type 15 
1 rms1,1 rms1,2 … rms1,5 
2 rms2,1 rms2,2 … rms2,5 
3 rms3,1 rms3,2 … rms3,4 
… … … … … 
n rmsn,1 rmsn,2 … rmsn,4 
 
Step 7: Derive the best-fitting general sky type for each sky luminance scan 
For each sky scan, select the general sky type that gives the lowest rms error. 
If some sky types are excluded as they are rarely applicable or not used at all, then 
this step is repeated and the sky type giving the next lowest rms error is selected.  
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After that, compute the frequency of occurrence by counting the number of chances 
each sky types having the lowest rms error. The best fit standard sky type is found 
from the resulting distribution of choices. 
 
Example:  
The following shows an example to predict the sky type using Tregenza Lv/Dv 
evaluation method. The luminance scan and illuminance measurement (Tables E.2 
and E.3 in Appendix E) are recorded at 10am, 21 September 1998, with sun altitude, 
γs = 45.5° and azimuth, αs = 90.3°. 
1. From the luminance measurements in Table E.2, sky patch 122 has the 
highest illuminance due to its position that is close to the sun and should 
be removed to reduce the error.   
2. By applying Equation 5.4 or 5.6, therefore, the standard horizontal diffuse 
illuminance, Dv = 34,001lux. 
3. With the calculated Dv available, the normalised luminance distribution 
Lprsc at 145 measurement points is computed and tabulated in Table 5.2. 
 
Table 5.2. Normalised luminance distribution of the measurements at 10am, 21 Sep 1998 
Sky patch 0 1 2 3 4 5 6 7 8 9 
0  0.16 0.16 0.15 0.14 0.14 0.14 0.15 0.15 0.14 
10 0.14 0.14 0.14 0.14 0.14 0.13 0.09 0.07 0.05 0.04 
20 0.07 0.08 0.15 0.16 0.17 0.18 0.19 0.15 0.18 0.17 
30 0.17 0.23 0.22 0.24 0.23 0.27 0.38 0.46 0.49 0.49 
40 0.40 0.33 0.27 0.23 0.22 0.23 0.21 0.20 0.20 0.19 
50 0.18 0.18 0.18 0.19 0.18 0.18 0.18 0.17 0.19 0.20 
60 0.21 0.23 0.22 0.21 0.20 0.19 0.19 0.20 0.19 0.17 
70 0.19 0.22 0.24 0.27 0.30 0.32 0.39 0.52 0.67 0.71 
80 0.60 0.44 0.32 0.27 0.23 0.28 0.32 0.38 0.53 0.79 
90 1.63 1.12 0.62 0.43 0.32 0.29 0.26 0.24 0.21 0.17 
100 0.15 0.17 0.19 0.19 0.19 0.21 0.21 0.23 0.24 0.25 
110 0.24 0.22 0.20 0.20 0.19 0.17 0.19 0.22 0.26 0.34 
120 0.45 0.66 - 1.18 0.55 0.36 0.32 0.30 0.48 0.67 
130 0.61 0.38 0.26 0.21 0.20 0.23 0.23 0.22 0.28 0.27 
140 0.23 0.23 0.26 0.38 0.34 0.26     
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4. Since one of the sky patches with dummy reading has been eliminated, it is 
noted that the total number of patches in the sky vault is now reduced to 
144. Subsequently, the normalised luminance distribution Lprst for each 
standard sky is found following the Equation 5.7. The figures involved are 
large in amount and thus their individual Lprst is not illustrated here. 
Nevertheless, the complicated mathematical procedures can be solved 
simply with the help of spreadsheet and the resulted rms is presented in 
Figure 5.1.  
5. From the luminance scan recorded at 10am, 21 September 1998, it is 










Figure 5.1. Root-mean-square errors of the 15 sky types 
 
5.4 Frequency distributions based on the 15 standard general skies  
Although the sunlight and skylight phenomena are global, their local 
characteristics differ significantly and sometimes sharply from one region or city to 
the next. In every climatic zone, the general year round weather pattern and the 
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regular seasonal changes can form a certain probability range in the frequency of 
occurring skies. A condition that is extreme at one site may not be common at another 
site and, therefore, information on daily, seasonal or reference year changes is 
necessary for calculations. In other words, though the international standards such as 
the CIE Standard General Sky are taken as basic everywhere, the local atmospheric 
and weather conditions have to be respected in energy and environmentally conscious 
building designs. Information on typical or average skies that are representative of a 
particular location is useful for energy efficient window design, glare predictions and 
supplementary lighting controls. 
 
5.41 Seasonal distributions (pre NE monsoon, NE monsoon, pre SW 
monsoon and SW monsoon) 
In Singapore, there are no distinct wet or dry seasons as rain falls every month 
of the year. When seasons are mentioned, they often refer to the prevailing wind 
dominant at that time of the year. The Singapore National Environment Agency (NEA) 
distinguishes two main seasons in Singapore, namely the Northeast Monsoon and the 
Southwest Monsoon seasons, which are separated by two relatively short inter-
monsoon periods (National Environment Agency, n.d.).  
 
Figure 5.2 represents the average seasonal distributions, based on the data 
recorded from 1 January 1998 to 9 May 1999. As expected, in humid tropics like 
Singapore, the average climatic variations are very small across the seasons and not 
much change is observed from the graphs’ profile. The frequent skies are always 
ranging between cloudy and overcast and the predominance of Sky Type 8 is 
observed. There is minimal probability of occurrence for clear sky.  
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Figure 5.2. Frequency distributions of best fit skies during the four monsoon seasons (a) 
pre-Northeast monsoon; (b) Northeast monsoon; (c) pre-Southwest monsoon; 
(d) Southwest monsoon 
 
If the results are dissected on a monthly basis, the sky would be partly cloudy 
or cloudy from the beginning to the middle of the year; and gradually becomes 
overcast towards the end of the year (Figure 5.3). 
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Figure 5.3. Frequency distributions of best fit skies on monthly basis 
 
5.42 Diurnal distributions (morning, noon, afternoon and late afternoon) 
The average sky distributions in Singapore may not be volatile over the 
seasonal change, but its equatorial conditions would have a significant effect on 
daytime instability. For instance, the sky could be clear and sunny in the early 
morning, but overcast by thick clouds with heavy rain and thunderstorm in the 
afternoon. The illuminances can be extremely high for a clear sky with the sun almost 
at the zenith and can be very low during heavy precipitation. Therefore, the purpose 
of dividing the data into four sessions daily (morning, noon, afternoon and late 
afternoon), with around three hours intervals, is to study the average fluctuations in 
the sky patterns over a day. From the graphical representation in Figure 5.4, we can 
tell that the profile changes for each sky type within a day could be quite different 
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from season to season. For example, the overcast skies with heavy clouds are 
commonly found during the second half of the year, but slowly occupied by the clear 
skies when the Northeast or pre-Southwest Monsoon season approaches, especially in 
the morning and late afternoon. On average, however, the prevalence of Sky Type 8 
still remains as the most significant one throughout the day, except in the late 
afternoon during Southwest Monsoon season. 
Figure 5.4. Frequency distributions of best fit skies in the morning, noon, afternoon and late afternoon during 
(a) pre-Northeast monsoon; (b) Northeast monsoon; (c) pre-Southwest monsoon; (d) Southwest 
monsoon 
 
In Table 5.3, the predicted sky distributions are compared to the forecasted 
weather information provided by the Singapore National Environment Agency (n.d.), 
for the purpose of crosschecking their compatibility. The comparison could only be 
done qualitatively since the climatic information at similar years is not available and 
NEA only has forecasted weather with at most three hours interval. Moreover, the 
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descriptions of sky conditions are not very well defined. This study tries to avoid 
running into the risk of quantifying the qualitative weather forecasts. 
 
Again, the climatology descriptions by NEA disclose that Singapore skies are 
predominantly overcast, often with rain and storm in the afternoon. Low turbidity 
clear skies are rare. 
 
Table 5.3. Comparisons between the findings and the NEA forecast 
Seasons Forecasted weather from NEA 
Findings gathered from the analysis of 





• Scattered showers with 
thunder in the late 
afternoon and early 
evening 
• Cloudy and overcast sky on average, 
with the predominance of Sky Type 8, 





• Cloudy conditions in 
December and January, 
with frequent afternoon 
showers 
• Relatively drier in 
February till early March. 
• Average occurrence of cloudy sky, but 
clear morning sky is also found during 
this season. 
• Noon ― Sky Type 8 (partly cloudy with 
distinct corona) is the most frequent sky 
pattern. 





• Afternoon and early 
evening showers, often 
with thunder 
• Relatively cloudy skies on average and 
sometimes with overcast in the 
afternoon. 
• Cloudy in the morning, often with 





• Late morning and early 
afternoon showers 
• Early morning squall 
• Hazy periods often due to 
forest fires in neighbouring 
countries 
• Sky Type 8 remains as the most 
predominant and this condition becomes 
obvious especially in the noon time. 
• Overcast sky is also frequent during this 
period, especially in the morning, 
afternoon and early evening. 
 
5.43 Overall distributions  (1 January 1998 – 9 May 1999) 
When the sky combinations are sorted according to the 15 CIE Standard 
General Skies, cloudy sky is found to be the most predominant in general, especially 
Sky Type 8. Using the similar method, the analytical study by Wittkopf and Soon 
(2007) also verifies the point that Sky Type 8 has a higher possibility of becoming the 
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next best fit to substitute for the initial sky types that do not belong to the 15 standard 
skies.  
 
Tregenza (1999, 2004) has suggested the characterisation of daylight climate 
in a small subset of sky types, without significant loss of accuracy. The specification 
of frequent sky patterns in a small number of skies is helpful in modelling the local or 
regional yearly, seasonal and daily changes for different design purposes. The rms 
method has allowed the selections of frequent sky type from the remaining pool of 
choices. If some sky types are excluded as they are not covered in the 15 standard 
skies, then the sky type giving the next lowest rms error would be selected. The chart 
in Figure 5.5 shows the Singapore climate ― a predominance of cloudy skies, either 
overcast (Sky Type 1) or cloudy with brightening around the solar position (4, 7 and 
8). Conditions with small quantities of cloud are best fitted by Sky Type 11 and the 
turbid variant of the CIE clear sky (Sky Type 13). These findings are in accordance 
with the conclusions drawn by Tregenza (1999), in which he selected four standard 
skies (1, 4, 8 and 13) to represent the sky patterns in Singapore. 
Figure 5.5. Frequency of distributions of best fit standard skies based on (a) complete set; 
(b) skies 1, 4, 7, 8, 11 and 13 only 
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5.5 Summary 
Daylighting today has benefited from work associated with IDMP and the 
upgrading of Singapore station to a research class status in year 1996 has proven to 
aid the understanding of equatorial climate and to bring contributions to local building 
design. Though the station has closed down temporarily due to insufficient funds, its 
daylighting measurements during the last one and a half years from 1 January 1998 to 
9 May 1999 have been very useful in prediction of frequent sky patterns in Singapore 
and thus the estimation of daylighting performance in a building.   
 
To design an atrium building with optimal daylighting in Singapore, the prior 
condition is to obtain the knowledge of its external environment and, therefore, the 
prediction of sky distributions using the approach from Tregenza is preferable. The 
luminance distributions collected from the IDMP station need to be transformed into 
15 statistical skies known as the CIE Standard General Sky. This is because the sky 
condition changes unpredictably and it is common to use CIE reference sky models 
for research purposes (Inanici, 2001). No doubt these standard homogeneous skies are 
useful in estimating the daylighting performance of any building design and some of 
them are close as regards attributes, but not all the 15 sky types are frequent in a 
specific location. One has to understand that the real sky cases are often influenced by 
various factors such as changing solar positions, turbidity and pollutants, cloud type 
and cover, as well as the distribution of clouds in the sky vault, which are responsible 
for causing various interactions of sunlight and skylight. For instance, some people 
may expect the morning sky to be perfectly bluish and clear, but in real there is 
minimal probability of occurrence for clear sky in Singapore, as demonstrated in the 
statistical findings. The explanation is that the formation of clouds with extremely 
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high humidity is often found in an island city-state like Singapore, which is also 
surrounded on all sides by the sea and its warm climate gives rise to a lot of 
evaporation. In addition, high concentration of water vapour and humidity on the 
horizon, as well as haze and pollution can also create a foggy sky in the morning or 
affect the turbidity.  
 
The characterisation of daylight climate in a small subset of sky types without 
significant loss of accuracy will help to ensure that the future simulation works are 
more feasible and predictable. But the extent to which these sky types should be 
reduced depends on the range of typical sky distributions covered at a particular 
location as well as the level of accuracy a designer expected. The addition of more 
sky types will possibly impose greater calculation costs. In Singapore, the 
representation of six most frequent sky types (1, 4, 7, 8, 11 and 13) would be 
sufficient, as they have accounted for almost 83% of the scanned data. Having the 
knowledge of local average skies, henceforth, the artificial sky models such as VSD 
and VSSD are ready to be constructed using computer program.   
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6.1 Introduction 
Within the framework of IDMP, illuminance and luminance distribution of 
real sky measurements are realised in Singapore, as mentioned in Chapter 5. The 
processing of these data has allowed the development of statistical skies that are 
representative of daylight conditions in Singapore. Subsequently in this chapter, we 
shall see the transformation of these typical skies (monthly average skies and dynamic 
daily skies) into Virtual Sky Domes (VSD) or Virtual Sky and Sun Domes (VSSD), 
before being imported to Lightscape for simulation.  
 
The concept of VSD or VSSD is proposed mainly to resemble the sky 
distributions of a particular location at a specific time. Their establishment to replace 
the artificial sky simulators will definitely have their own pros and cons. Apart from 
avoiding the inconsistency of actual climatic conditions, any experiment that is being 
brought from outdoor to indoor, or even reduced to a small computer screen, could 
help to save time and space. However, owing to the limitations of the computer 
program and immaturity of the VSD or VSSD development at the time of this study, 
certain level of discrepancy is expected as a result of these technical problems. 
 
As reviewed in Chapter 2, there are two options in mapping the luminance 
distributions into VSD or VSSD. Either to integrate the locally measured data or 
luminance scans which have already been turned into numerical values, or to simplify 
the IDMP measurements into the theoretical CIE models, before their sky 
distributions are reproduced in the VSD or VSSD. In this study, the second approach 
is adopted and, therefore, the skies are assumed to be homogenous and the daylight 
CHAPTER 6: VIRTUAL SKY DOMES [VSD] & VIRTUAL SKY 
AND SUN DOMES [VSSD] 
Prepared by Soon Lay Kuan       HT050236U 91
calculations are considered placeless. There are no worries for the missing data or 
errors due to dummy readings, which are often found in real measurements.  
 
Before the introduction of steps to merge the atrium models and sky models in 
Lightscape program, this chapter also provides the mathematical framework, that is, 
the analytical expressions relating the luminance of any sky element to the selected 
input data during the process of sky mapping. These expressions are able to account 
for all possible luminance profiles under any conditions simply by adjusting their 
selected coefficients. 
 
6.2 Description of sky models 
Daylight, being a variable source that has complex interaction with the 
external and internal environment, will need to have greater tolerances than interior 
electric lighting. The reproducibility of sky luminance distribution in the form of 
artificial skies is therefore necessary for the detailed photometric study of daylighting 
in scale model interiors. Today we can see the development of artificial sky models, 
such as Virtual Sky Domes (VSD) or Virtual Sky and Sun Domes (VSSD) that could 
in a way help to provide a medium or a properly described environment for simulating 
the real sky distributions, at anytime and anywhere. Just like any other artificial sky 
simulators or mirror boxes shown in Figure 6.1, VSD or VSSD are created to 
resemble the real sky distributions. They represent the hemispherical sky vault that is 
perfectly satisfactory for the study of top lighting such as atria (Hopkinson, 
Petherbridge & Longmore, 1966). The only difference is that VSD or VSSD are built 
virtually disregard of time and space.  
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The radius of VSD or VSSD domes in this study is defined as 100m. No doubt 
it is agreeable that the bigger the sky dome, the better it is to represent our sky vault in 
real. But as the size gets larger, the power of luminaires would also grow 
exponentially, based on the theory of inverse square law. Therefore, the extent to 
which the VSD or VSSD can grow is very much dependent on the maximum 
numerical digits that the particular simulation tool can accept. 
Figure 6.1. Two different sky vaults (a) Virtual Sky Domes (VSD) created using 
computer program; (b) multi-lamps sky simulator (Source: Low Energy 
Architecture Research Unit of the London Metropolitan University)   
 
The main requirements of an artificial sky are, first, a luminous surface of 
known and controlled luminance distribution to represent the sky (Hopkinson et al., 
1966). Instead of using multiple luminaires to simulate a limited sky conditions in 
artificial sky simulators, VSD or VSSD could represent of a wide range of sky 
patterns under the process known as sky mapping. If the users wish to make their 
studies more regional and time specific, then luminance measurements from the 
IDMP station could be directly duplicated and mapped onto the VSD or VSSD. No 
doubt this approach is rather straightforward, but at the meantime, the users should 
also take note of the errors due to dummy readings at sky patches adjacent to the sun 
as well as the risk of missing data owing to some technical malfunctions. The creation 
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of VSD or VSSD with the second approach, however, can result in a study that is less 
dependent on factors such as weather and time of the year and thus various projects 
can be compared regardless of their locations. This is made possible only if the VSD 
or VSSD were simplified to the theoretical homogeneous skies, known as CIE 
Standard General Sky. As a continuation from the previous chapter, therefore, a 
subset of six sky types that are representative of frequent sky patterns in Singapore 
will be transformed into different VSD or VSSD models.  
 
6.21 Benefits of VSD or VSSD 
There are many advantages of including daylight in a building design, but, 
very often those prediction tools available to the designers are only able to offer 
advices based on the rule of thumb and may be limited in their application to modern 
materials, devices or other concerns. Experimentation or simulation is so far useful in 
providing instant assessment of daylight performance that is more case specific. 
However, the chief drawback in most of the outdoor testing is the dynamic nature of 
the sky as a light source and thus the constantly changing indoor luminous conditions 
(Selkowitz, 1981). If the two clear skies will never be alike, so as the prediction of the 
long term potential of energy savings for a daylighting design concept. As such, the 
development of virtual sky simulator in this study would help to bring the physical 
outdoor testing to a screen-touch domain which could be conducted indoor at anytime 
and anywhere, making the luminous environment more controllable.  
 
Perhaps the problem of outdoor testing has been recognised by the professions 
a few decades ago and, therefore, we could see the invention of various artificial sky 
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simulators and the subsequent fine-tuning of their lamps. The sky coverage is also 
extended from the standard overcast sky to the clear sky conditions with consideration 
of direct beam sunlight, such as the mirror box at Copenhagen School of Architecture. 
Though a lot of improvements have been observed in the creation of artificial sky 
simulators, today, the coverage of sky distributions is still very much limited due to 
the control of electrical luminaires inside the sky vault. To a certain extent, this 
problem is also found in the daylight simulation tools and in most cases, researchers 
find that the programs are unable to reproduce the sky conditions that exist in the 
actual location. For instance, the sky condition in Lightscape program often refers to 
the amount of sky covered by clouds and the users are only allowed to choose from 
options such as clear, partly cloudy and cloudy skies, as shown in Figure 6.2.  
Figure 6.2. Daylight settings in Lightscape program 
 
None of the daylight simulation tools available is known to have CIE sky 
models built-in at present and the changes of sky brightness in these programs 
normally depend on the sun position. Furthermore, some of the existing tools also 
suffer from a reduced field of investigation due to a separate approach for indoor and 
outdoor spaces (Figure 6.3). With the addition of VSD or VSSD, however, these 
limitations can easily be overcome. The users can opt from a wide range of sky types 
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available and the estimation of daylight performance becomes more consistent as 
there is no worry whether the building is simulated under external or internal 
environments. 
 
Figure 6.3. Environment settings in Lightscape program 
 
Unlike the artificial sky simulator that uses multiple lamps, there is no risk of 
bulb failure or problem of controlling the dimming system in VSD or VSSD. They 
allow the specification of luminous environment such as geometry and sky luminance 
pattern in an exact precision. Besides, the computer simulation with the insertion of 
VSD or VSSD also permits a rigorous analysis that is not affected by the particular 
characteristics of the common sky simulator dome, for instance, the diameter, number 
of lamps and coverage. With the establishment of VSD or VSSD, it is envisioned that 
design projects will achieve low construction and operation cost, as well as reduction 
in maintenance. When supplemented with the appropriate computational simulation 
software, the time-consuming simulations and computations that were previously 
done in single time-step could now be reduced significantly.  
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6.22 Limitations of VSD or VSSD 
Theoretically, a hemisphere can be completely divided into only a small 
number of patches, and in only a small number of ways. The VSD or VSSD is created 
based on the concept of sky scanner, in which the entire sky vault is divided into 8 
rings with a difference of 12° in elevation and each ring comprises of patches in equal 
size. The overall structure of VSD or VSSD is first modelled in CAD program, before 
each of the patches is automatically mapped with appropriate flux value using 
programming tool.  
 
Owing to the limitation of meshing properties in AutoCAD, therefore, the 
dome is formed by a total of 146 flat patches. One extra patch is found at the zenith, 
unlike Figure C.4 (Appendix C). The flat surface is used in replacement of the 
concave patches and as such, the error is bound to occur when a subdivision of the 
sky vault is chosen at the position where its sky elements are not contiguous. A 
typical example is shown in Figure 6.4, where there is subdivision of sky elements 
with overlaps and gaps in between the interlocking polygons. 
 
Figure 6.4. Overlapping and gaps between sky patches of VSD or VSSD 
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6.3 Mathematical framework 
In this study, the operating period of atrium buildings is defined within the 
time-bound working hours, from 8am to 6pm. It is the time when daylighting 
becomes one the major issue in building design. In order to observe the average 
daylighting performance under the extreme scenario, therefore, the sun elevation is 
assumed to reach its maximum of 90˚ at 1pm local time. Figure 6.5 shows the 
morning and afternoon sun elevations that are symmetrical along the axis at 1pm., 
with constant azimuth angle that allows the sun to always move along the east and 
west axis. Eventually, only six simulations, at one hour time step, are necessary to 
cover either half of the working time in the day. The remaining half could be 
predicted by swapping the illuminations at the east and the west rooms.  
 
As shown in Table 6.1, each VSD or VSSD that resembles the different 
frequent sky patterns in Singapore is mapped with sky distributions at six sun 
elevations (15˚, 30˚, 45˚, 60˚, 75˚ and 90˚), thus making a total of 36 sky 
combinations that range from overcast to partly cloudy and clear skies. The prefix “E” 
denotes the exterior environment. Their respective external horizontal diffuse 
illuminance is found in Table G.1 of Appendix G. 
 
Figure 6.5. Daylight study of atrium buildings in Singapore from 8am to 6pm, with one 
hour interval and 15° sun elevation increment  
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Table 6.1. Total combinations of VSD or VSSD mapped with various sky distributions at 
different time of the day 
Sky Types Solar time [hrs]/ 
Sun elevation [°] ST1 ST4 ST7 ST8 ST11 ST13 
0800/15° E1 E7 E13 E19 E25 E31 
0900/30° E2 E8 E14 E20 E26 E32 
1000/45° E3 E9 E15 E21 E27 E33 
1100/60° E4 E10 E16 E22 E28 E34 
1200/75° E5 E11 E17 E23 E29 E35 
1300/90° E6 E12 E18 E24 E30 E36 
 
 
In the previous chapter, we have seen the prediction of typical sky 
distributions in Singapore sorted according to the CIE Standard General Sky. 
Together with the solar elevations, these theoretical skies will subsequently be 
transformed into VSD or VSSD with appropriate sky mapping. The process of sky 
mapping requires the insertion of luminous flux at individual patches of the sky dome. 
The derivation of sky distributions is in accordance with the Standard Sky Luminance 
Distributions (SSLD) models established by Kittler, which has been adopted by the 
CIE to represent the 15 homogeneous standard skies. Diagram in Figure 6.6 illustrates 
the steps and the mathematical formulations involved in deriving the luminous flux at 
each patch.   
 
Basically, the entire mathematical framework could be reproduced in a 
working spreadsheet before the appropriate luminous fluxes are mapped onto the 
related patches of VSD or VSSD model in the Lightscape program. Instead of 
copying the flux value manually into each of the luminaire in Lightscape, the 
conversion is done automatically with the help of Pearl scripting created by Dr. 
Wittkopf.  
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STEP 2: 
By substituting the typical Tv values for Sky Type 7-15 (Table F.2 
in Appendix F), the ratio of Dv/Ev is calculated by: 



































DD γsin8.133 ∈=                                                    [klux] 
Calculation for Skylight 
Sky with sunshine? 
Yes No 
1. Overcast (ST1-6) 
2. Partly Cloudy/Cloudy (ST7-10) 
3. Clear (ST11-15) 
STEP 2: 
By substituting the typical Dv/Ev 
values for Sky Type 1-15 (Table F.2 
in Appendix F), the absolute Dv in 





DD γsin8.133 ∈=      [klux] 
1. Partly Cloudy /Cloudy (ST7-10) 
2. Clear (ST11-15) 
In short, STEP 2 & 3 can be combined by direct 
substitution: 















LDL                                                                      [kcd/m2] 
STEP 1: 
Given the sun altitudes (γs) and azimuth (αs), the ratio of Lz to Dv can 
be calculated by applying the parameters assigned for each sky types 
(substitutes for each parameter are found in Table F.2 of Appendix F). 

















For γs≥75˚, the formula with complex integration is applied: ( ) ( )
























Therefore, the absolute zenith 







LDL                     [kcd/m2] 
Figure 6.6. Daylight calculation diagram for VSD and VSSD 
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STEP 5: 
For direct solar illuminance on horizontal plane, Pv in lux is: ( )vvv TmaEP −= exp1000                                                            [lux] 
STEP 6: 





E γsin=                                                                                      [lux]       
Eventually, the illuminance values are converted into luminous flux for a 
point source 
vsvs ErF
24π=                                                                                 [lm]       
Generation of Virtual 
Sky Domes (VSD) 
Generation of Virtual 
Sky and Sun Domes 
(VSSD) 
STEP 7: 
To bring the point source for direct beam into Lightscape, the X, Y, Z 
coordinates respectively are determined by: ( ) ( )ssF rX αγ sincos=                           ( ) ( )ssF rY αγ coscos=              ( )sF rZ γsin=                                                                                                     
STEP 4: 
Given the sky element elevation (γ) and azimuth angles (α), the luminance 
for sky each sky patch is: 
( )







ZfLL                                                          [cd/m2] 
With the area of each sky patch, convert the sky luminance to flux in order 
to bring it into Lightscape: 
AL vπφ 4=                                                                                       [lm]       
Calculation for Sunlight 
(Only for Sky Type 7-15 
with sunshine) 
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6.4 Merging atrium models with VSD or VSSD in Lightscape 
The development of computer based calculation and simulation built upon a 
research has further facilitated the design work. Designers can now estimate the 
performance of their buildings even before the real construction, simply by 
maneuvering the mouse under a room comfort. 
 
Each of the computer generated models, as prepared earlier (Chapter 4), is 
imported into Lightscape program and merged with the VSD or VSSD of appropriate 
sky distributions. By incorporating VSD or VSSD into Lightscape, the built-in 
daylighting feature of the program is to be turned off at first. The spotlights attached 
to the sky dome will replace the natural skylight and sunlight. Although the radiosity 
feature in Lightscape would eventually transform the light sources into a uniform 
luminance disc with Lambertian characteristics, there is a benefit for not using the 
daylight feature in the program. Lightscape is more preferred for artificial lighting 
calculation as it has been proven by Maamari, Fontoynont and Adra (2006) to have 
high accuracy as compared to the daylighting calculation.  
 
Putting aside all the advantages, precaution should also be taken in eliminating 
any possible error during the process of evaluation. Illuminance is the integral of 
luminance over the projected (i.e. cosine-weighted) hemisphere and thus for any point 
not at the origin, the change in the visible luminance distribution will result in the 
deviation of the received luminance from the correct (i.e. zero-parallax) value at the 
origin (Mardaljevic, 2002b). According to Mardaljevic, an ‘accurate’ prediction is 
normally achieved for a point in the plane at the base of dome, where the model is 
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positioned below the ground plane. This may not be feasible for most physical model 
experiments using artificial sky simulators, but it is possible under the computational 
simulation using VSD or VSSD. To preserve the generality of VSD or VSSD, the 
base of sky vault is excluded such that only illuminance received directly from the sky 
dome is considered. In other words, there is no ground reflected component of 
illuminance.  
 
So far, the usable space in a sky simulator dome is not a prescribed quantity 
and it is acknowledged that parallax errors will occur and, therefore, Mardaljevic 
(2002b) has advised to keep the model dimensions to a minimum. The sky analysis 
done by the Bartlett School of Architecture, using a real Variable Luminance 
Artificial Sky (VLAS), has assumed the restriction of typical model size to one fifth 
of the sky size (as cited in Mardaljevic). In this study, however, the optimal range of 
coverage for VSD or VSSD in Lightscape program, where the radiosity is the most 
effective, should not be more than 30m in radius. This is also in accordance with the 
size of the sky models and the maximum numerical digits that Lightscape can hold 
because the larger the sky dome, the larger the flux luminaire required. Hence, each of 
the atrium models (Table 4.3) integrated with the VSD or VSSD has to be scaled to 
the ratio of 0.6.  
 
As shown in Figure 6.7, a non-occluding and non-reflecting plane is also 
created at the height of 1m from each floor level (a height that is equivalent to sitting 
level of a normal human being). At each floor level, there are 17 points of 
measurement defined in either the square or the rectangular atrium, while 11 
horizontal illuminances recorded from the linear atrium. The purpose is to divide the 
CHAPTER 6: VIRTUAL SKY DOMES [VSD] & VIRTUAL SKY 
AND SUN DOMES [VSSD] 
Prepared by Soon Lay Kuan       HT050236U 103
atrium and its adjacent rooms at each level into three individual zones. The final 
quantitative data that indicates the daylight availability in each atrium model is 
computed by taking the average illuminations at all the measuring points. 
 
Figure 6.7. Points of measurement at 1m above floor level for each of the three atrium forms
 
Besides providing false colour images for illuminance and luminance values, 
numerical values on the surface of work plane can also be attained in Lightscape as 
grid format shown in Figure 6.8. Table 6.2 presents the grid spacing along X and Y 
axis as imposed on each of the atrium form.  
Figure 6.8. Grid settings in Lightscape program 
 
Table 6.2. Grid spacing required for data recording in Lightscape program, under different 
atrium forms 
Atrium forms X-grid [m] Y-grid [m] 
Square atrium 1.11 1.11 
Rectangular atrium 1.17 1.11 
Linear atrium 1.11 1.05 
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The final simulations are performed using Lightscape LSRAD (for radiosity 
processing) ― a DOS based program that runs simulation in the background. This is 
an additional feature of Lightscape, in which it enables the execution of simulation 
using command lines and provides more control over the time of simulation. LSRAD 
has proven to be faster than Lightscape’s regular simulation (Shalaby, 2002). Since 
the sky models such as VSD or VSSD are incorporated in the program, more iteration 
are required to let the building surfaces receive lighting from the sky vaults. All the 
simulations are run to 99.96% of the total energy distributions, without the use of 
daylight features in Lightscape program. 
 
As summarised in Table 6.3, there are a total of 286, 704 illuminance data 
recorded from this parametric study, as a result of the computational simulation from 
3,888 combinations of atrium prototypes (Table 4.4) and sky models (Table 6.1). 
 
Table 6.3. Total amount of simulations carried out and horizontal illuminance data collected 
in this parametric study 
Descriptions Sample size 
No. of simulations per sky type per hour (Internal factor) 108 
No. of representative sky domes established (External factor) 36 
Total no. of simulations 3,888 
No. of illuminance data collected per sky type 47,784 
Total no. of illuminance data collected under the 6 representative sky types 286,704 
 
6.5 Summary 
Photometric checks of the probable levels of daylight are of great value, and if 
they can be made at some stage before the building is erected, the design may be 
modified before the cost and the complication of changes become a serious matter. In 
completed buildings, there is always the common problem of daylight photometry due 
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to the instability of the luminance distribution of the natural sky. The usefulness of 
measurements of the daylight level in completed building is usually affected, 
especially when these measurements are made for comparison with the values for 
which the building is designed. For this, the development of VSD or VSSD to 
resemble real sky distributions will make the simulations more controllable under the 
indoor environment. It has proven to be more beneficial than any physical model 
experiments that use the artificial sky simulators, which are normally more bulky and 
expensive in the purchasing and maintenance costs, as well as limited sky coverage 
for simulations.  
 
From the explanation above, sky mapping is known as the most important 
process in constructing VSD or VSSD. The mathematical framework in deriving its 
sky distributions follows the SSLD models established by Kittler, after which the 
luminous flux at each sky element is mapped onto the sky dome in Lightscape 
program. This approach will help to overcome various limitations in the existing 
simulation tool. For instance, the daylighting environment of the program becomes 
handy to the users and the addition of VSD or VSSD offers a wide range of sky types 
that could, to a large extent, simulate the real sky conditions.  
 
Eventually, the VSD or VSSD mapped with appropriate luminous 
distributions are imported into Lightscape and each of them is merged with a building 
model that has been assigned with proper materials. To achieve higher accuracy level, 
these models should be reduced to a scale of 0.6 and positioned at the center of the 
dome.  
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7.1 Introduction 
The concept of mapping sky distributions into sky models such as Virtual Sky 
Domes (VSD) or Virtual Sky and Sun Domes (VSSD) is rather new and has yet to be 
verified in the precedent studies. As a result, a pilot study is necessary prior to the 
comprehensive or full-scale simulations and analysis. This small exploratory study is 
meant to serve as a test bed for verifying the feasibility of the research strategies. 
 
For the purpose of this pilot study, the simulations done in Lightscape 
program, with and without sky models, are compared against the computations based 
on a theoretical model developed by Tregenza (1997). The comparison is done against 
the theoretical model because the validation through on-site measurement or 
laboratory experiment is not possible in this study. First, if real measurement is to be 
carried out in built atria, it is almost impossible, without the help of equipments, to 
determine and to classify the current sky distributions. The IDMP station in Singapore 
has ceased since year 1999. Second, the on-site measurement would not be useful 
here since this study provides only parametric analysis and it is not case specific. The 
building prototypes are not representing any particular atrium building in Singapore. 
Lastly, it is also important to emphasise that this study is completed only with the use 
of resources available. The sky simulator is a must if the experiment is to be 
conducted physically in laboratory. But this equipment is currently not available 
within the campus of NUS. The Tregenza’s model is used as reference in this study 
because it is a formula derived based on physics laws, rather than regressions, making 
it more reliable and widely applicable. Most importantly, it has been validated 
through real cases by Laouadi and Atif (2000) and Tsangrassoulis and Bourdakis 
(2003). 
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Owing to the accuracy of Tregenza’s model, therefore, the selection is 
confined to only daylit atria with WI less than 1. From a group of atrium prototypes 
available, three shallowest atria (WI=0.8) with flat single clear skylights are chosen 
eventually to represent the square, rectangular and linear atrium types respectively. As 
shown in Table 4.3, each of them is labeled with a distinct index number: C1H1─ 
three storeys square atrium with flat clear skylight; C4H1─ three storeys rectangular 
atrium with flat clear skylight; and C7H1─ three storeys linear atrium with flat clear 
skylight. For simulation purpose, these atrium models are merged with the 
correspondent sky models that have been assigned with the appropriate sky conditions 
in Lightscape. Two extreme sky conditions are being tested in the pilot study. The 
VSD (mapped with flux distributions of Sky Type 1) will represent the CIE standard 
overcast, while the VSSD (mapped with flux distributions of Sky Type 12) is meant 
for CIE standard clear skies. 
 
7.2 Methods  
In order to justify the accuracy of VSD and VSSD in resembling the real sky 
distributions, the measurement data recorded from the simulations are compared 
against the approved and well validated analytical method from Tregenza (1997). At 
the same time, the results simulated using the built-in daylight features in Lightscape 
(without VSD or VSSD) are also included in the comparisons, for the purpose of 
demonstrating the advantages of predefined sky models such as VSD and VSSD.  
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7.21 Tregenza analytical model 
In 1997, Tregenza has presented a simple method for calculating the average 
illuminance on the horizontal plane as well as the plane normal to the walls of top-lit 
atria. It obeys the exponential decay law, in which the illuminance on the walls of a 
top-lit atrium decreases with the distance from the top. This model has been validated 
by Laouadi and Atif (2000) and Tsangrassoulis and Bourdakis (2003). It is proven 
true particularly for shallow atria (WI<1). But for tall atria, it tends to overestimate 
the average DF by more than 25%. Based on their findings, therefore, this pilot study 
focuses only on the shallow atria prototypes (WI=0.8) with flat glazed skylight.  
 
The mathematical framework of Tregenza’s model is demonstrated as follows. 
Equation 7.1 gives the illuminance on a horizontal plane lying across an atrium at a 
distance y from the top. 










          [lux]                                           (7.1) 
where R1: cavity reflectance above the horizontal plane; 
           R2: cavity reflectance below the horizontal plane; and  
           α is the light absorption factor on the walls and k is the attenuation coefficient 
given by 
  
wρα 5.01−=                                                                                                                      (7.2) 













v                                                                                                           (7.3) 
with Eh0 represents the initial horizontal illuminance at the top of the atrium (in lux) 
and Ev0 represents the initial vertical illuminance at the top of the atrium (in lux). 
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According to Laouadi and Atif (2000), the ratio Eh0/Ev0 under CIE standard overcast 
skies is 0.4, while for CIE standard clear skies, Eh0/Ev0 ≈ 0.75.  
 
Example: 
A three storeys square atrium with flat single pane clear skylight (index no.: C1H1) 
has wall and base reflectance of 0.6. Under the CIE overcast condition (Sky Type 1) 
at local time 10.00 am, 21 September, estimate the total mean horizontal illuminance 
on a work plane at a distance 1m from the atrium base. 
 
As shown in Figure 4.5, the atrium C1H1 has height, h =10.8m; length and width, l = 











⎛ −=k  
The wall absorption factor is ( ) 70.06.05.01 =−=α . With a horizontal plane lying 
across the atrium at a height, y= 9.8m from the top, therefore, the volume is now 
divided into two cavities, one above (walls + skylight) and one below (walls + base). 








where reflectance property of the single pane glass is found in Table 3.1. 
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Given that the Ev0 =190lux (obtained from Lightscape simulation), therefore, the total 
mean horizontal illuminance on the work plane at a distance 1m from the base is 




       = 150.58lux 
 
7.22 Simulation with Lightscape indoor space 
The computer generated models of index numbers C1H1, C4H1 and C7H1 
(WI=0.80) are imported to Lightscape program, each at a time, for daylight 
simulations. Owing to the limited range of effective radiosity in VSD and VSSD, 
therefore, all the models are scaled to a ratio of 0.6 (refer to Chapter 6 for 
explanation). 
 
In Lightscape, the Quality Wizard of Process Parameters allows the users to 
define the simulated environment as well as the density of surface meshes. Since the 
indoor space simulation is claimed to be more accurate (Shalaby, 2002), the models 
would be simulated under an interior space environment at level three quality scale 
(the default). Time setting is fixed at 10.00 am local time in Singapore and on the 21st 
day of each major global season: March (spring equinox); June (summer solstice); 
September (autumn equinox); and December (winter solstice). These dates are 
selected particularly for this pilot study because they indicate the seasonal transition 
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periods in which the scenario is always the extreme (refer to Waldram Diagram in 
Figure 2.4). Each model is simulated under the clear and overcast sky conditions, 
making a total of 24 simulations and sample data for validation purpose (Table 7.1). 
 
Table 7.1. Total number of simulations for pilot study, using only the daylight features in 
Lightscape program 



























C1H1 P1 P4 P7 P10 P13 P16 P19 P22 
C4H1 P2 P5 P8 P11 P14 P17 P20 P23 
C7H1 P3 P6 P9 P12 P15 P18 P21 P24 
 
The radiosity is performed using the LSRAD (for radiosity processing) 
command and 95% of the total energy distribution is used, equivalent to almost 200 
iterations in each simulation. Instead of point to point illuminance, the average 
horizontal illuminance on the work plane of each atrium models, raised at 1m above 
the atrium base, are recorded from both sky conditions (overcast and clear). The 
objective is to compare the results with the mathematical models developed by 
Tregenza, which only allows for the estimation of total mean illuminance on a 
particular surface. 
 
7.23 Simulation with VSD or VSSD sky mapping  
Lightscape program only offers three options of sky conditions ─ the clear, 
cloudy and intermediate skies. According to Ullah and Liaw (2003), each of the 
extreme sky conditions in Lightscape is actually representing the CIE standard sky: 
cloudy skies for Sky Type 1 and clear skies for Sky Type 12. The intermediate skies 
are so far undefined and they could have ranged from Sky Type 8 to Sky Type 11. For 
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that reason, this pilot study is tested only under the CIE standard clear and overcast 
skies.  
 
Before the simulation, it is important to ensure that each of the computer 
generated model (C1H1, C4H1 or C7H1) is scaled to a ratio of 0.6 and merged with 
the appropriate sky model. The VSD mapped with Sky Type 1 distribution will 
represent the overcast sky, while the VSSD of Sky Type 12 distribution is equivalent 
to a clear sky. Now that the VSD or VSSD already resemble the sky distributions in 
Singapore, the daylight option in Lightscape is turned off during the simulations. 
Other settings such as the mesh spacing and LSRAD commands are similar to the 
ones mentioned in Section 7.22. A total of 24 illuminance data are also recorded from 
the simulations using the VSD and VSSD sky mapping, following the matrix shown 
in Table 7.1.  
 
7.3 Results and discussions 
The total mean horizontal illuminance at a distance 1m from the base of each 
atrium form (C1H1, C4H1 and C7H1), is compared across the three methods, namely 
the Tregenza mathematical formulation and Lightscape simulations, both with and 
without the VSD or VSSD sky mapping. As shown in Figure 7.1, the estimation of 
horizontal illuminances in four sided top-lit atrium models (C1H1 and C4H1) using 
computational simulations (with and without VSD or VSSD sky mapping) is 
relatively closer to the theoretical model developed Tregenza. A larger discrepancy is 
observed in a linear atrium (C7H1), ranging from 50% to 80%, especially when larger 
transmitting area is provided and daylight is allowed to enter from the side facades.  
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In general, the simulations with VSD sky models have yielded average 
horizontal illuminances close to those predicted by the Tregenza model, under the 
overcast sky. While the simulations using the built-in daylight features in Lightscape 
program tend to overestimate the average illluminance at the atria base. 
Figure 7.1. Comparison of the average horizontal illuminance (Eh) at 1m from the base of a 
square (C1H1), rectangular atrium (C4H1) and linear atrium (C7H1) respectively, 
estimated using Tregenza analytical model, Lightscape simulations with and 
without VSD, at 10am of (a)21 March; (b)21 June; (c)21 September; and (d)21 
December   
 
Under a clear sky condition, the average illuminance for atrium models 
simulated using the daylight features in Lightscape can be overestimated up to a 
maximum of 600% (Figure 7.2). Theoretically, the average horizontal illuminance at 
the work plane should have increased from a square to a rectangular atrium type of 
similar well shallowness or floor height, which apparently provides a larger opening 
area for daylight penetration. But as observed from Figure 7.2, the atrium models 
simulated using the built-in daylight features of Lightscape program seem to yield an 
adverse effect. The daylight simulation is rather inconsistent under clear sky condition. 
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In some instances, it could even result in an extreme horizontal illuminance for a 
linear atrium (C7H1), reaching almost 8klux in June and December.  
Figure 7.2. Comparison of the average horizontal illuminance (Eh) at a distance 1m from the 
base of a square (C1H1), rectangular atrium (C4H1) and linear atrium (C7H1) 
respectively, estimated using Tregenza analytical model, Lightscape simulations 
with and without VSSD, at 10am of (a)21 March; (b)21 June; (c)21 September; 
and (d)21 December 
 
After conducting the pilot study, it is discovered that the illuminance 
measurements from Lightscape with the integration of VSD or VSSD sky models may 
not have achieved 100% accuracy. Even though the atria have similar WI, their 
differences in terms of indoor illuminance could become large as the area of glazed 
skylight increases (from square 13.5m x 13.5m to rectangular 10m x 20m to linear 9m 
x 27m). The exponential decay law would not be fully obeyed once the lighting is 
allowed to enter from the sides, such as in the linear atria (C7H1). Thus the theoretical 
model by Tregenza is only useful to validate the four-sided top lit atria.  
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If the linear atria are not taken into consideration, the ranges of error for the 
sky models would be 5%-35% under overcast skies and 4%-20% under clear skies. 
These discrepancies probably due to the scaling effect of atrium models as well as the 
radiosity simulation in Lightscape that does not take in account the specular reflection. 
The constraints of sky models and built-in features of Lightscape program are 
inevitable at the time when this study is conducted. As long as the simulation results 
are acceptable and the general profiles are reasonable, these deviations are not very 
critical in this study since its purpose is to produce comparative results of different 
atrium prototypes as design guides for building designers. 
 
7.4 Summary 
In general, the pilot study has verified the feasibility and appropriateness of 
sky mappings in VSD or VSSD. Besides, it has also demonstrated the validity and 
advantages of the sky models in resembling the real sky conditions, as compared to 
the built-in daylight features in Lightscape program. With the help of sky models, 
therefore, the variations of sky distributions become more controllable and predictable. 
During the computational simulation, the users are also given more options in 
selecting the sky type that is suitable to the building site. From the positive 
observations of this clinical study, thus the execution of the subsequent full scale 
analysis is considered valid. 
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8.1 Introduction 
After the pilot study, a comprehensive simulation is conducted in a much more 
complicated environment, including all the parameters, both from the indoor and the 
outdoor factors. The indoor factor consists of the atrium design, such as the atrium 
forms, skylight shapes, floor heights, surface reflectances and glazing transmittances. 
While the external factor often refers to its sky conditions and the position of sun with 
respect to time. In this study, six sky types (1, 4, 7, 8, 11 and 13) that cover almost 
83% of the total frequency of sky occurrence in Singapore, ranging from overcast to 
intermediate and clear skies, are being replicated in the simulations. It also takes into 
consideration the change of solar elevation from morning to afternoon. The sun 
position will definitely affect the daylight availability in the atria, especially when 
majority of the computer models are constructed in such as way that the fenestration 
on top of the atrium core is the only source of daylight penetration. 
 
The various parameters originated from these two factors are cross-matched, 
ensuring that none of the combinations is left out. A total of 3,888 Lightscape 
simulations are expected for this complete study and around 286,704 illuminance data 
are recorded as a result of the computational simulations under six different sky 
distributions, at 11 different times (8am- 6pm) per day.  
 
This chapter will mainly process and analyse the data gathered from the 
computational simulations. The ultimate goal is to identify the leading parameters that 
govern the daylight availability within an atrium building and to what extent these 
factors could help in reducing the average lighting energy consumption. First of all, 
the strategy is to compare the various design parameters in pairs so that their 
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correlations could be drawn and the level of significance for each parameter could be 
sorted out. This is followed by the study of daylight availability of the building, in 
which the atrium space and its adjacent rooms are divided into three different zones, 
mainly the space near to windows, the middle zone and the rear of the room. In many 
instances, however, the knowledge about the daylight availability alone may not be 
sufficient. Illuminance from daylight, when correctly implemented, should also result 
in reduced energy use. The building developers, in particular, are more interested in 
its commercial benefits and how much lighting energy savings these daylit atria could 
bring. Together with the consideration of buildings’ operating hours and electrical 
charges, it is therefore feasible in this study to also estimate the annual lighting energy 
cost savings per floor area, with respect to different sky conditions and atrium designs. 
 
8.2 Floor heights vs. atrium types 
8.21 Average Daylight Factor 
Atria are often viewed as light-admitting elements that transfer light flux to the 
adjacent office spaces. Therefore, the atrium forms and skylight shapes have great 
impact on the light distributions. Under a normal circumstance, a room with average 
DF 2% is considered daylit. But as shown in Figure 8.1, the square and rectangular 
atria (atrium prototypes from C1 to C6) have yet to achieve that threshold even under 
the intermediate or clear sky conditions. On the contrary, the average illumination of 
linear atria (C7 to C9) is exceeding for all floor depths. Definitely the configuration of 
the linear atria plays an important role in transmitting the light. They have maximum 
floor length and large light-admitting area, both on top and two ends of the atrium 
core.  
CHAPTER 8: DATA ANALYSIS 
Prepared by Soon Lay Kuan       HT050236U 118
In other instances, changes in roof profile or skylight shape could also affect 
the amount of light either falling on the adjacent rooms or reaching the atrium base at 
different time of the day, though these effects tend to be much subtle than the building 
geometry (Energy Design Resources, n.d.). For example, the horizontal glazing will 
intercept very little sunlight when the sun is very low in the early morning and in the 
late afternoon, but obstructs the least amount of daylight in the noon time. Whilst the 
ridge and barrel vault skylight can intercept substantially more sunlight at the critical 
low sun angles and allow in less light at midday. But if compare the three instances of 
skylight shapes in Figure 8.1, the contributions of illuminance level due to the roof 
profile are rather insignificant. Their contrasting effects seem to cancel each other and 
the differences are minimal when the horizontal illuminance is taken as an average 
over a day. 
 
From Equation 3.1, it is also acknowledged that atria of higher floors often 
have high Well Index (WI). The relative surface area of the walls tends to increase 
with WI and, therefore, there is higher potential for the incidence of inter-reflected 
light on adjacent walls rather than on the atrium base, resulting in small horizontal 
illumination in tall atrium buildings. In other words, daylight availability within an 
atrium building often decreases with floor depths, though the impacts are generally 
less remarkable than the changes due to atrium forms. 
 
Finally, based on Figure 8.1, the level of significance for these parameters 
could be deduced and sorted in descending orders, from atrium forms to floor heights 
and skylight shapes.  
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Figure 8.1. DF of atria with various configurations and floor heights under (a) overcast 
sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) clear 
sky (VSSD 11-13) 
 
In top-lit atrium, very often the adjacent office space is side-lit. But unlike a 
conventional side-lit space, the amount of daylight entering the adjacent spaces in this 
case is compounded by only two components mentioned below as the office rooms in 
the atrium models are totally concealed from their external peripheries. 
a. The inter-reflected light from the walls of the atrium; and 
b. The amount of sky vault visible through the roof of atrium. Thus this will 
be maximum at the upper floors, and rapidly diminish as one moves away 
from the atrium and deeper into the space. 
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Since the glazed skylight at the atrium core is the only fenestration available in 
the atrium models with square and rectangular forms, the west rooms will always 
receive the morning sun while the east rooms will get the afternoon sun. When the sun 
reaches its highest position of the day in the noon time, we could notice a large 
portion of daylight being channelled into the atrium core. So if we divide each of the 
buildings into different zones, then it is noticeable that apart from decreasing with 
floor depths, the daylight availability in the adjacent offices also decreases with 
respect to their distance away from the atrium core (Figure 8.2). According to 
Littlefair (1991), this phenomenon is known as “no sky line”.  
 
Very often the DF is the minimal at the rear of the room and may require the 
supplementary of artificial lightings. As represented in Figure 8.2, both rectangular 
and linear atria have performed relatively well. The east and the west rooms of 
rectangular or linear atria usually achieve DF of at least 2% in the middle zones and 
the space near to openings. However, when the average DF of the entire building is 
computed and compared with Figure 8.1 above, the linear atria seem to perform so 
much better than the square and rectangular forms. The explanation is that the room 
enclosures on the north and south directions of the linear atria are being replaced by 
glazing that runs full height of the building, extending from the ground to the roof. 
The open-ended atria could result in high direct sunlight penetration through the 
vertical glazing. The high horizontal illuminances of the atrium base are mostly 
concentrated at both ends and thus contribute to a significant impact on the total 
daylight availability. 
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Figure 8.2. Cross section along the east and west rooms, showing the DF of respective atrium forms with various 
floor heights, at different zones and different times of a day, simulated ONLY under Sky Type 8 (a) 
square atria; (b) rectangular atria; and (c)linear atria  
 
8.22 Daylight Autonomy 
Daylight Autonomy (DA) refers to the percentage of time that a specified lux 
level is exceeded. In many instances, it is also used as an indication of time when 
additional electric lighting is not required. As shown in Figure 8.3, the overall profile 
of the DA is quite similar to the DF, in which the average DA of the building 
decreases with floor depths, while increasing from the square form to the rectangular 
and linear atria. The variation of DA across different skylight shapes is again the least 
profound.  
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Besides the internal design parameters, very often the effective delivery of 
daylight into a building also depends on its outdoor environment and time of the day. 
According to the Energy Design Resources (n.d.), diffusion of beam sunlight 
normally helps to avoid “hot-spots", where sunlight is more concentrated and creates 
areas that are both too bright and less comfortable due to the radiant heat of the sun. 
By comparing the daylight performance under various sky conditions in Figure 8.3, it 
is observed that the intermediate skies (VSD 7 and VSD 8) seem to distribute more 
even daylight levels into the atria, thus allow a more efficient lighting control system 
that could help to improve the average DA of a building. Whilst under clear sky 
conditions (VSSD 11 and VSSD 13), the daylight level tends to concentrate on the 
rooms or zones that are directly opposite the sun position. For instance, the west 
rooms of the atria become brighter than the east rooms in the morning, and vice versa. 
As opposed to intermediate and clear skies, the sun is mostly shaded behind clouds 
for CIE Standard Overcast Sky (VSD 1), thus resulting in building that often appears 
to be gloomy. Unlike the standard overcast sky, VSD 4 has sky distributions with 
brightening increases from the horizon to the zenith and thus beneficial to any daylit 
atrium, as represented in Figure 8.3. 
 
From the observation, it is understood that the change of sky conditions and 
sun position with respect to time could cause significant impact on the variations of 
average DA, ranging from 11% to 50%. In other words, the change in external 
environment alone could determine or even alter the total lighting energy savings for 
a particular atrium building.   
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Figure 8.3. DA of atria with various configurations and floor heights under (a) overcast 
sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) clear 
sky (VSSD 11-13) 
 
8.23 Energy Cost Savings 
Building developers are usually more concerned about the total revenue that a 
particular atrium building could bring to their overall investments. Therefore, one of 
the objectives in this study is to compute the amount or the total lighting energy cost 
savings from the DA. Along with the derivations of probability for each sky types in 
Singapore (Chapter 5), it would be possible to estimate the annual energy cost savings 
per floor area, based on Equations 3.3 and 3.4.  
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From the DF and DA analysis above, it is well understood that the variation of 
illuminance levels caused by the different skylight shapes is minimal and almost 
insignificant. Thus those atria having similar forms but different skylight shapes are 
not being isolated and made distinctive here. The comparisons are primarily between 
the forms and depths. As presented in Table 8.1, the annual cost savings due to 
electric lighting alone could vary in the atria with different forms and floor depths 
under Singapore sky conditions, ranging from around SGD1 to SGD5 per square 
meter. The shallow linear atria are the best performer because it could help to bring 
natural light both from the top skylight and the side vertical glazing. 
 
Table 8.1. Annual energy cost savings [in SGD/m2] under all sky conditions, with various 
heights and forms 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Floor depths 
Square atrium  
(C1-C3) 
Rectangular atrium  
(C4-C6) 
Linear atrium  
(C7-C9) 
3 floors height SGD 2.2 SGD 3.1 SGD 4.6 
4 floors height SGD 1.8 SGD 2.6 SGD 3.8 
6 floors height SGD 1.2 SGD 1.8 SGD 3.5 
 
8.3 Reflectances vs. atrium types 
8.31 Daylight Factor 
In supplement to the floor depths, reflective properties of the atrium surfaces 
could also play an important role especially in a tall building. Usually the deeper the 
atrium, the more it is dependent on the internally reflected component (IRC) to 
channel light to its base and the adjacent rooms. As such, the reflective properties of 
the building interior surfaces would highly govern the illluminance level at the lower 
floors. In most instances, light coloured surfaces could help to distribute brightness 
around the space, and this, in turn, will reduce the brightness contrasts that cause 
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visual discomfort (Energy Design Resources, n.d.). But for the purpose of this 
analysis, variation of wall and floor reflectivity is focused only at the atrium core, 
where daylight enters the space through its glazed skylight.  
 
From Figure 8.4, it is observed that the daylight availability or the average DF 
for the entire atrium building increases with the increasing surface reflectances, 
though the impact is lesser than the atrium forms. Together with the roof profile, the 
level of significance for these parameters in terms of their capability to improve 
daylight levels in a building could be sorted in descending orders, from atrium forms 
to surface reflectances and skylight shapes. 
Figure 8.4. DF of atria with various configurations and surface reflectances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
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8.32 Daylight Autonomy 
Similar to the average DF, more lights tend to reach the bottom floors if the 
building surfaces have high reflectivity, and subsequently, the DA would increase and 
more lighting energy savings could be achieved. The amount of lighting energy saved 
in cases with surface reflectivity of 10%, 45% and 80%, as shown in Figure 8.5, again 
help to emphasise the importance of the internal reflected component. 
 
Under the complementary of different sky conditions, the ranges of average 
DA are: 8%-53% for overcast skies (VSD 1 and 4), 32%-68% for intermediate skies 
(VSD 7 and 8) and 13-51% for clear skies (VSSD 11-13). 
Figure 8.5. DA of atria with various configurations and surface reflectances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
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8.33 Energy Cost Savings 
As shown in Table 8.2, the annual cost savings due to lighting energy alone 
could range from SGD2 to SGD5 per square meter, depending on the atrium forms 
and surface reflectances. For instance, if a well maintained building is incorporated 
with a shallow linear atrium of white colour walls and floor tiles, its annual energy 
saving would be favourable under Singapore sky conditions. 
 
Table 8.2. Annual energy cost saving [in SGD/m2] under all sky conditions, with various 
reflectances and forms 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Wall/ Floor 
reflectance Square atrium  
(C1-C3) 
Rectangular atrium  
(C4-C6) 
Linear atrium  
(C7-C9) 
Reflectance 0.1 SGD 2.0 SGD 3.0 SGD 4.4 
Reflectance 0.45 SGD 2.1 SGD 3.1 SGD 4.6 
Reflectance 0.8 SGD 2.2 SGD 3.3 SGD 4.8 
 
8.4 Transmittances vs. atrium types 
8.41 Daylight Factor 
Common glazing materials for skylights include a variety of plastic and glass. 
These materials usually come in a number of colours, thicknesses and layers. The 
choice of glazing material for a skylight, if accompanied with all the other parameters 
mentioned above, can have an enormous effect on the quality of light and the energy 
efficiency of the design. This study, in particular, covers only three choices of 6mm 
single pane transparent glass with different levels of visible transmittance, ranging 
from the least to the highest values. They are the clear, low-E and tinted glazings. It is 
also obvious from Figure 8.6 that glazing with high transmittance value will admit 
more light into the rooms and thus increase the average DF of the building. Though its 
impact to the overall illuminance is lesser as compared to the changes due to various 
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atrium forms, the choice of glazing material in an atrium should always be taken care 
of. If the source of daylight is the primary consideration in the building design, 
therefore, it is advisable to avoid using tinted glass. 
 
Based on the observation, the level of significance for these parameters could 
be sorted in descending orders, beginning from the atrium forms to the glazing 
transmittances, and followed by the surface reflectances. 
Figure 8.6. DF of atria with various configurations and glass transmittances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
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8.42 Daylight Autonomy 
No doubt clear glazing with high transmittance value usually yields maximum 
reduction in total lighting energy consumption, but meanwhile, it also creates high 
solar heat gain and produces high cooling energy and peak cooling loads, especially 
for large glazing areas. Today, low-E glass has slowly gained interest of building 
developers. It has proven not only to admit reasonable amount of daylight and to 
provide satisfactory thermal performance, but also help to filter out most of the sun’s 
ultraviolet radiation and to reduce the total energy consumptions. 
 
As presented in Figure 8.7, apart from glazing material, the average DA is also 
dependent on the surface area of glazing. Under all sky conditions, it seems like the 
linear atrium is always the most desirable form to help channelling natural lights into 
the building. It has the optimal configuration and geometry to allow the desirable 
amount of daylight to penetrate into the building. Although the installation of large 
glazing area such as linear atria will cause reduction in lighting energy consumption, 
to certain extent, it also increases solar heat gain and cooling energy of a building. 
Therefore, if larger glazing areas are desired, solar screening device or low-E glazing 
is recommended.  
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Figure 8.7. DA of atria with various configurations and glass transmittances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
 
8.43 Energy Cost Savings 
As shown in Table 8.3, the annual cost savings due to electric lighting alone 
could range from SGD0.1 to SGD5 per square meter, depending on the atrium forms 
and its glazing materials. 
Table 8.3. Annual energy cost saving [in SGD/m2] under all sky conditions, with various 
transmittances and forms 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Glass materials 
Square atrium (C1-C3) Rectangular atrium (C4-C6) Linear atrium (C7-C9) 
Tinted SGD 0.1 SGD 0.2 SGD 1.3 
Low-E SGD 1.0 SGD 1.9 SGD 3.5 
Clear SGD 2.2 SGD 3.1 SGD 4.6 
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8.5 Reflectances vs. floor heights 
8.51 Daylight Factor 
The choice of wall colour and floor material is very important especially in a 
tall and deep atrium building. As shown in Figure 8.8, when daylight availability 
decreases with building heights, surfaces with high reflectivity would play an 
important role to help channel light to the atrium base. But as these two parameters 
are compared in pairs (Figure 8.8), the changes of illuminance levels due to floor 
depths seem to be more pronounced than the surface reflectances. Thus it is deduced 
that the variations in floor heights have larger impact on the amount of daylight 
received and the total energy consumptions, as compared to the changes due to 
surface reflectances. Though the gain from high reflective surfaces could not be 
comparable to the loss of illuminance level due to the growing floor depths, the 
reflectance properties of building materials are still crucial in the atrium design. 
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Figure 8.8. DF of atria with various floor heights and surface reflectances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
 
8.52 Daylight Autonomy 
From Figure 8.9, it is observed that the DA performance due to changes of 
surface reflectivity and floor depths becomes even more significant when diffuse 
lights are entering the atrium space (VSSD 7 and VSSD 8). For instance, the overall 
lighting energy savings could reach up to almost 50% for a low atrium building that is 
furnished with white walls and light colour floor tiles (around 80% reflectivity) under 
a cloudy sky with bright circumsolar effect (represented by VSSD 7 in this study). 
The clear sky distributions, though not frequently found in Singapore (Chapter 5), 
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could also help to improve the DA of the atrium buildings with high surface 
reflectivity, ranging from 6% to 18%. On the contrary, if a tall building with dark 
colour walls and floors, or, a poorly maintained building is operated under an overcast 
sky condition, however, the efficiency or performance of the daylit atrium could drop 
drastically and full power electric lightings may have to run for the entire working day.  
Figure 8.9. DA of atria with various floor heights and surface reflectances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and (c) 
clear sky (VSSD 11-13) 
 
8.53 Energy Cost Savings 
It is also observed from Table 8.4 that the annual lighting cost savings could 
range from around SGD1 to SGD2.30 per square meter, depending on the floor depths 
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of the atria and their indoor surface reflectivity. To achieve the desirable and 
consistent illuminance level as well as total energy saving, therefore, the glazed 
atrium should not be too deep and its surface reflectance should be as high as possible 
and well maintained. 
 
Table 8.4. Annual energy cost saving [in SGD/m2] under all sky conditions, with various 
reflectance and floor depths 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Wall/ Floor reflectance 
3 floors height 4 floors height 6 floors height 
Reflectance 0.1 SGD 2.0 SGD 1.7 SGD 1.0 
Reflectance 0.45 SGD 2.1 SGD 1.8 SGD 1.1 
Reflectance 0.8 SGD 2.3 SGD 2.0 SGD 1.3 
 
8.6 Transmittances vs. floor heights 
8.61 Daylight Factor 
DF is decreasing as the floor depths increase, but at the same time, it also 
changes with the transmittance of glazing materials used. As shown in Figure 8.10, 
changes in the daylight availability are relatively small across different floor heights, 
as compared to the glazing materials of different transmittances. Therefore, the 
selection of glass materials is very crucial in the atrium design, as their transmittance 
values will have great impact on the daylight penetration and total lighting energy 
performance, especially in a tall and deep atrium building. 
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Figure 8.10. DF of atria with various floor heights and glass transmittances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and 
(c) clear sky (VSSD 11-13) 
 
8.62 Daylight Autonomy 
Again, if the daylight performance and lighting energy savings are the main 
considerations of atrium design, it is always advisable not to use the tinted glass with 
low transmittance value. As shown in Figure 8.11, the contribution of tinted glass to 
the average DA of the building is almost insignificant under all sky conditions. Clear 
and low-E glazings are highly recommended for the atrium design, though the degree 
of daylight penetrates through a low-E glass may not be as good as a clear glass. 
Under some circumstances, the clear glass has the risk of transmitting solar radiation 
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into the building, along with the desirable sunlight beam. As a result, the cooling 
capacity tends to increase and cancel any commercial benefit brought by the lighting 
energy savings. On the contrary, low-E glass usually has a layer of coating which 
could help to block the extensive amount of solar heat from entering the space and 
thus reduce the cooling loads. 
Figure 8.11. DA of atria with various floor heights and glass transmittances under (a) 
overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and 
(c) clear sky (VSSD 11-13) 
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8.63 Energy Cost Savings 
It is observed from Table 8.5 that the annual cost savings due to electric 
lighting alone range from SGD0.02 to SGD2.20 per square meter, depending on the 
floor depths of atria and the type of glazing materials used. 
 
Table 8.5. Annual energy cost saving [in SGD/m2] under all sky conditions, with various 
glazing transmittances and floor depths 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Glass materials 
3 floors height 4 floors height 6 floors height 
Tinted SGD 0.1 SGD 0.05 SGD 0.02 
Low-E SGD 1.1 SGD 0.9 SGD 0.5 
Clear SGD 2.2 SGD 1.8 SGD 1.1 
 
8.7 Transmittances vs. reflectances 
8.71 Daylight Factor 
While the top of an atrium receives direct light or sky component through its 
glazed skylight, the lower levels normally receive more reflected light from its wall 
and floor surfaces. As shown in Figure 8.12, the average DF of atrium buildings 
increases as both the surface reflectance and the glazing transmittance are increasing. 
However, the increment due to the wall and floor reflectivity is relatively less 
significant as compared to the influence of glazing transmittance. Apparently the 
ability to admit natural light through the atrium skylight is more critical, before those 
light could be reflected or distributed to the other floors. 
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Figure 8.12. DF of atria with various surface reflectances and glass transmittances under 
(a) overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and 
(c) clear sky (VSSD 11-13) 
 
8.72 Daylight Autonomy 
As represented graphically in Figure 8.13, if an atrium building of clear or 
low-E skylight is fully furnished with white walls and floor tiles, the potential energy 
savings due to artificial lighting alone is very satisfactory. Furthermore, if these 
superior conditions are even supplemented by a diffuse cloudy or partly cloudy sky, 
which is rather common in Singapore, then a greater amount of benefit return than the 
ones shown in Table 8.6 should be expected. 
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Figure 8.13. DA of atria with various surface reflectances and glass transmittances under 
(a) overcast sky (VSD 1-4); (b) cloudy or partly cloudy sky (VSSD 7-8); and 
(c) clear sky (VSSD 11-13) 
 
8.73 Energy Cost Savings 
From Table 8.6, the annual lighting energy cost saving could range from 
SGD0.05 to SGD2.30 per square meter, depending on the reflectance and 
transmittance properties of the atrium buildings. 
Table 8.6. Annual energy cost saving [SGD/m2] under all sky conditions, with various 
glazing transmittances and surface reflectances 
Sum of probability for all sky types  
(VSD 1 + VSD 4 + VSSD7 + VSSD8 + VSSD11 + VSSD13) Glass materials 
Reflectance 0.1 Reflectance 0.45 Reflectance 0.8 
Tinted SGD 0.05 SGD 0.09 SGD 0.1 
Low-E SGD 0.9 SGD 1.0 SGD 1.2 
Clear SGD 2.0 SGD 2.1 SGD 2.3 
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8.8 Summary 
The findings of this parametric study are beneficial to both the building 
designers and the building developers.  
 
a) To the building designers or architects: 
From a designer’s point of view, the challenge is always to integrate the form 
and light-admitting properties of the atrium with their overall design concept. 
However, there is no study available today to provide tangible information on how far 
the various design parameters affect the daylight availability of an atrium building and 
its total lighting energy savings. Therefore, this study, with a vast number of 
simulations generated, is able to compare the various design parameters in pairs and 
to sort out their rankings accordingly, in terms of significance level (Table 8.7). This 
could be very useful to building designers in their decision making, especially during 
the design stage.  
 
Table 8.7. Impact of various parameters on the daylight availability and lighting energy 
saving and their level of significance arranged in descending order 
Parameters Daylight availability/ Total lighting energy saving 
External factor 1. Sky Types/ sky distributions 
Sky Type 7> Sky Type 8> Sky Type 4> Sky 
Type 13> Sky Type 11> Sky Type 1 
Internal factor 
(atrium design) 1. Atrium forms square< rectangular< linear 
 2. Increase glazing transmittance increase 
 3. Increase building floor height decrease 
 4. Increase surface reflectance increase 
 5. Skylight shapes flat> ridge> barrel vault 
 
Apart from the various internal design factors, outdoor sky distributions also 
have significant impact on the indoor daylighting. All the while, people are having the 
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mindset that Singapore, being located along the equator, has year-long humid and hot 
tropical climate. But no study has been done on its specific sky conditions and the 
changes of sky distributions in time. Majority of the precedent studies on atrium 
daylighting, especially those done in the temperate countries, have always assumed 
the skies to be overcast. However, as found from the analytical study (Chapter 5), the 
most predominant sky condition in Singapore is indeed a partly cloudy sky (Sky Type 
8). In this case, the lighting design and installation of an atrium building based on the 
previous assumption could often lead to over-provision of artificial lighting and thus 
increase the total energy power. The findings from this parametric study have shown 
that the diffuse natural light coming from a cloudy sky, if supplemented by good 
internal design factors, could help to reduce the lighting energy quite significantly. An 
atrium, being the most beneficial strategy to maximise the daylighting performance of 
a multi-storey building, therefore, should be fully utilised in Singapore, where it has 
been granted with the most suitable climate. 
 
b) To the building developers: 
Very often building developers are concerned about the commercial benefit 
that a particular building could bring. Therefore, the estimation of energy cost savings, 
such that the ones in Table 8.8 could definitely become a selling point of the daylit 
atria. When the building developers are aware that the installation of an atrium 
supplemented with good design parameters could actually bring them profitable 
returns, they would be more willing to invest in future. For instance, if a three storeys 
linear atrium building is designed with low-E glazing system and furnished with white 
walls and floor tiles, the estimated annual cost saving from lighting energy alone 
could yield SGD2-SGD3 per square meter.  
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Table 8.8. Estimation of annual lighting energy cost saving [in SGD/m2] under all six 
frequent sky patterns in Singapore 
Parameters 
Parameters Floor heights 
(3-6 floors) 





 (4-sided to linear) SGD1-SGD5 SGD2-SGD5 SGD0.1-SGD5 
Floor heights  
(3-6 floors) - SGD1-SGD2.30 SGD0.02-SGD2.20 
Wall/floor reflectances  
(0.1-0.8) - - SGD0.05-SGD2.30 
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9.1 Summary 
Daylight has a potential lighting energy saving in modern commercial 
buildings, but its success as a sustainable practice is very sensitive to the integration 
and interaction of the various building materials and systems such as atria. The 
geographical location of Singapore at the equatorial region, in particular, has become 
a plus point to its superior environment that is suitable for atrium design. It is 
constantly blessed with hot and wet climate, as well as high sun elevation all year 
round. However, these potential energy savings and climatic background are not fully 
exploited here due to a number of theoretical and technical problems. For instance, no 
research is conducted to study the design preferences by local designers at present and 
no one knows the predominant tropical sky patterns or sky distributions of Singapore 
in particular. The absent of those tangible data, along with the lack of study to 
quantify the energy benefits by daylit atria, have often become the major hurdle for 
local building designers and building developers. 
 
Basically, this study is streamlined into two parts at the beginning. Under the 
aspect of indoor environment, some common sharing properties of the atria in 
Singapore are identified from the 66 case studies. The three most regular atrium forms 
are four-sided square, four-sided rectangular and linear; while the most common roof 
profiles are flat, ridge and barrel vault, ranging from three to six storeys in height. At 
the same time, an analytical study is also conducted to estimate the frequent sky 
distributions in Singapore based on the CIE Standard General Sky. It is derived from 
the sky scanner data that there are six typical sky types (1, 4, 7, 8, 11 & 13) that cover 
almost 83% of the annual frequency of occurrence, ranging from overcast to 
intermediate and clear skies. Out of the six sky types, 37% consist of the partly cloudy 
CHAPTER 9: CONCLUSIONS 
Prepared by Soon Lay Kuan       HT050236U 144
sky with distinct solar corona (Sky Type 8). Since its diffusing characteristic is useful 
in distributing light evenly to a space, it is believed that the utilisation of daylight in 
building designs under this partly cloudy sky condition could result in high energy 
savings, as well as the provision of a more visually attractive environment.  
 
In fact, the final parametric study through computational simulations has 
verified the point that the outdoor environment, especially sky distributions, could 
bring very significant impact to the daylight availability and energy savings. This 
finding is useful to the building designers in particular, so that over-provision of 
luminaires could be avoided and more lighting energy is saved. If this exterior factor 
is even supplemented with all other design parameters of an atrium, such as atrium 
forms and floor depths, skylight shapes and materials, as well as reflectivity of walls 
or floor, the overall building efficiency would be magnificent.  
 
For the building developers, commercial benefit has been their issue of 
concern and definitely, this is also the aspect of focus in this study. Energy savings 
from daylighting will result in not only low electric lighting and reduced peak 
electrical demands, but also reduced cooling loads and potential for smaller air-
conditioning equipment size (Lam & Li, 1998). A good atrium design with the 
consideration of all the parameters will help to save the annual energy cost of more 
than SGD5 per square meter from lighting alone. Therefore, it is hoped that the 
statistics presented not only help architects and building engineers to assess the 
relative energy performance of different design schemes and to estimate the likely 
energy benefits or penalty during their initial design stage, but also to encourage the 
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building developers to install more of such daylit atria in Singapore due to the 
lucrative returns that these atria could offer. 
 
9.2 Contributions and implications 
The development of atrium buildings has so far been diversified and inspiring. 
In order to maximise the performance of atria, the designers must understand the local 
climate conditions and how the different atrium properties respond to the climate. 
These are also the primary objectives of this study and the findings have verified the 
point that building forms or fabrics have to be more sensitive and to work much closer 
to the surroundings through the use of modern materials. The building envelope, 
especially the materials, should therefore be carefully chosen according to the nature 
of the site and the environmental criteria. Only through this process of selection and 
adaptation can an energy efficient and climatic responsive atrium design be created. 
 
Apart from providing design guides to the building designers or architects, this 
study also offers the commercial values of atria that most building developers have 
been looking for. With these estimated values, building developers would be able to 
plan for the budget of their investments and to calculate the return values that these 
atria could bring to them in years time. Along with their investments, we shall see 
more daylit atria being built in Singapore, especially at the Central Business District 
(CBD), and thus our gifted tropical climate is being fully utilised. Eventually, this 
would be a win-win-win situation, in which the designers get to enjoy the opportunity 
to create new spaces with tremendous aesthetic qualities; the building developers 
benefit from the good returns; while the users enjoy the visually attractive 
environment. 
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9.3 Limitations 
This study is also bounded by some limitations, mainly from the aspects of 
climatic considerations, modelling and computational simulations. 
 
Climatic considerations: 
a. The sun is assumed to reach its maximum elevation of 90˚ at 1pm 
everyday, throughout the entire year.  According to the climatic study, 
however, the sun reaches the peak only during the equinoxes (Figure 2.4). 
Therefore, mainly the extreme cases are considered in this study. 
b. Only six sky types (1, 4, 7, 8, 11 and 13) with the highest probability are 
covered in the analysis and they consist of almost 83% of the annual 
frequency of occurrence in Singapore.  
 
Modelling and computational simulations: 
c. Only 3 instances are tested for each atrium forms, skylight shapes, 
building heights, reflectances and glazing materials. The minimum, 
maximum and intermediate cases are used to represent a wide range of 
parameters. 
d. Since the purpose of this study is to produce the comparative results, the 
glazed skylights are assumed to be single pane glass. In fact, if precise 
value is expected, double glazing should be the recommendation. 
e. Simple generic models are used in the simulation. Other elements that 
could further obstruct the direct sky component or reflect the light, such as 
roof framings, escalators, elevators, plants, signs and banners are excluded.  
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f. Owing to the limitation of sky dome size, all atrium models should be 
bounded within the radius of 30m in order to achieve optimal effect. All 
the models are therefore scaled to a ratio of 0.6 in Lightscape simulation.  
g. This study has mainly analysed the daylighting during typical office hours 
(8am-6pm). But in most shopping complexes, the operating hours are 
much longer. 
h. All surfaces are assumed to be perfectly diffused in Lightscape simulations, 
though most of the glazing materials are usually specular diffused. 
i. All atrium buildings are assumed to be intelligent and installed with the 
state-of-the-art technologies such as sensors and automatic switches that 
could turn off the lamps, when illumination of the rooms is excessive.  
 
9.4 Recommendations 
The readers should bear in mind that this study does not conclude that the 
artificial lightings become absolutely redundant with the incorporation of glazed atria. 
Daylight is neither an energy efficient nor a sustainable practice if electric lighting has 
not been scaled back. In many instances, even the most aggressively designed daylit 
atrium will require a full electric lighting system for those occasional overcast days 
and at night time. Nonetheless, the electric lighting system should be designed to 
supplement the daylit atrium, and not vice versa.  
 
A common approach is to use the skylight of an atrium in providing the basic 
ambient light for the building, along with a backup electric ambient system on 
photocontrols and specific electric lights in providing higher levels of task lighting in 
critical locations (Energy Design Resources, n.d.). Potential of energy savings by 
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integrating the daylight availability in the electric lighting management is high 
(Bodart & de Herde, 2002). Light from the diffuse sky usually forms a significant 
contribution to the room’s lighting (when the average DF is 2% or more) when its 
directionality and variation with time are appreciated by occupants and, therefore, the 
room should not be swamped by electric lighting. In ensuring that the designed 
illumination is maintained, the electric lighting can be controlled automatically by 
using timers, light sensors and occupancy sensors to switch or to dim luminaires 
(Littlefair, 1988; Tregenza & Loe, 1998; Atif & Galasiu, 2003). However, if manual 
switching is installed, it is essential that the row of lights nearer to the window is on a 
separate circuit from the rear row, so that proper installation is switched on only when 
extra illumination is needed in the darker parts of the room. Today the advent of 
addressable ballasts may offer some increased localised control advantages and some 
arrangement advantages. 
 
Indeed the frequency and intensity of direct sunlight in the tropics provide a 
very significant potential if it can be effectively utilised while avoiding glare and 
excessive heat gain. A major practical challenge in the tropics is normally the natural 
lighting of deep floor plan office buildings (Edmonds & Greenup, 2002). Sometimes, 
systems combining fibre optics (Ghisi, 2002) or innovative daylight redirecting 
devices such as anidolic integrated ceiling (Wittkopf, Yuniarti & Soon, 2006b), light 
scoops (Wright, 1991), light shelves and light pipes would also be useful. 
 
9.5 Suggestions for future research 
Usually when horizontal illuminance is plotted as a function of time of day, 
the profile is an inverted U-shape (low light levels in morning and evening and high at 
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midday). This is problematic as part of the day its daylight illuminance is below what 
is expected for adequate visibility and at other times daylight is in excess of what is 
required for visibility. Excess daylight not only causes glare, but also excess solar 
heat gain and cooling load.  
 
Since the topic of glare in atria could become very broad, it is not included in 
this study. But this is a very interesting area of study and worth to recommend for 
future analysis. Its information would definitely be very useful to the building 
designers. Apart from glare, excessive solar heat gain also contributes to a significant 
proportion of building cooling load, especially in equatorial country like Singapore. 
When the illuminance level exceeds the design requirement, the benefits from 
daylight will normally be undermined by the increased solar heat gains, which will 
tend to increase the cooling load. As such, more work is needed to assess the trade-off 
between daylight benefits and solar heat gain penalty. This will include computer 
simulation of buildings and the performance of building service systems, as well as 






"We do not inherit the Earth from our parents, we borrow it from our children." 
 
Saint Exupéry 
the well-known French aviator and writer for The Little Prince (1943)
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Table A.1. Details of the 50 atrium buildings in Singapore 















1.  UOB Plaza One and Two 
80 Raffles 
Place, S 048624 1992 
Architects 61 






(Square) Flat Passageway 
Non 
aircon 4 
2.  Raffles City Shopping Centre 
252 North 




Pte Ltd and I.M. 




(Square) Flat Gallery Aircon 4 
3.  Citylink Retail Mall 
One Raffles 
Link (near to 













Passageway Aircon 2 








circular Barrel vault Gallery Aircon 3 




















(Rectangular) Flat Passageway Aircon 3 
7.  Palais Renaissance 
390 Orchard 






Passageway Aircon 4 




- Unkown Hotel 1 Trapezoidal Flat Lounge Aircon 35 
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Library 1 Trapezoidal Flat Passageway Non aircon 13 
10.  Bukit Panjang Plaza 
1 Jelebu Road, 
S 677743 - Unknown 
Retail 
Building 1 Oval Ridge 
Entrance 
Hall/ Gallery Aircon 3 
11.  HDB Hub  
480 Lorong 6, 










(Rectangular) Single slope Passageway Aircon 4 
12.  HDB Mall 
500 Lorong 6, 
Toa Payoh, S 
310500 




Passageway Aircon 2 
13.  United Square Shopping Mall 
101 Thomson 










Passageway Aircon 5 
14.  URA Centre 
45 Maxwell 
Road, 








Asia Pte Ltd 
Government 
Building 1 Linear Barrel vault 
Gallery/ 
Passageway Aircon 5 
15.  Tiong Bahru Plaza 
302 Tiong 










(Rectangular) Barrel vault 
Gallery/ 
Passageway Aircon 3 




(Rectangular) Barrel vault 
Gallery/ 
Passageway Aircon 6 
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(Rectangular) Barrel vault Passageway Aircon 6 
18.  The Concourse Shopping Mall 
300 Beach 
Road, S 199555 1994 
Architects 61 













9 Bishan Place, 




(Rectangular) Flat Gallery Aircon 3 








pyramid Passageway Aircon 10 
21.  Apollo Centre 2 Havelock Road, S 059763 - Unknown 
Retail 
Building 1 Circular Flat Lounge Aircon 2 






Pte Ltd and 







(Sawtooth) Gallery Aircon 3 




Building 1 Circular Flat Plaza Aircon 5 






Pte Ltd and 
Tsao & 
Mckown (S) Pte 
Ltd 
Retail 




hall/ Gallery Aircon 3 
25.  Chinatown Point 133 New Bridge Road, S 059413 - Unknown 
Retail 
Building 1 Circular Dome 
Gallery/ 
Passageway Aircon 5 
26.  Parkway Builders Centre 
1 Marine Parade 
Central, S 
449408 
1985 Akitek Tenggara 
Office 
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27.  Eastpoint Mall 
3 Simei Street 
6, S 528833 
(next to Simei 
MRT Station) 
- Unknown Retail Building 1 Circular Others (Star) 
Gallery/ 
Passageway Aircon 6 
28.  Century Square 
2 Tampines 
Central 5, S 
529509 (next to 
Tampines MRT 
Station) 
- Unknown Retail Building 1 Circular Dome 
Gallery/ 
Passageway Aircon 5 
29.  
White Sands 
Shopping by the 
Sea 
1 Pasir Ris 
Central Street 3, 
S 518457 (next 
to Pasir Ris 
MRT Station) 




Passageway Aircon 5 




- Unknown Hotel 1 Others Flat Entrance hall/ Lounge Aircon 20 
31.  Parkway Parade 
80 Marine 

















32.  McDonalds Place 11 King Albert Park, S 598292 - Unknown 
Retail 






33.  Northpoint 
930 Yishun 
Avenue 2, S 
769098 
- Unknown Retail Building 1 
4-sided 
(Rectangular) Ridge Passageway Aircon 3 
34.  West Mall 
1 Bukit Batok 
Central Link, S 
658713 




Passageway Aircon 5 
35.  Far East Square 70 Telok Ayer 1998 DP Architects Eating Outlet 3 Linear Barrel vault Lounge/ Non 3 
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Pte Ltd Passageway aircon 
36.  MICA Building 140 Hill Street, S 179369 1934 







(Rectangular) Barrel vault 
Plaza/ 
Passageway Aircon 6 







(Rectangular) Barrel vault 
Gallery/ 


















80 Anson Road, 





Building 1 Trapezoidal Flat Lounge Aircon 4 











Passageway Aircon 6 
41.  Tan Tock Seng Hospital 
50 Jalan Tan 






Hospital 1 4-sided (Rectangular) Barrel vault 
Plaza/ 
Passageway Aircon 4 
42.  The Regent Singapore Hotel 
1 Cuscaden 


















circular/ Others Flat/ Pyramid 
Lounge/ 
Passageway  Aircon 5/11 
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Ltd and Wong 
& Ouyang 
Associates (S) 





44.  Dhoby Ghaut MRT Station 
11 Orchard 





























10 Dover Drive, 
S 138683 - Unknown School 1 
4-sided 






47.  Funan IT Mall Centre 
109 North 
Bridge Road S 
179097 
- Unknown Retail Building 1 Others Flat 
Gallery/ 
Passageway Aircon 6 






Entrance Hall Aircon 3 
49.  Jurong Point Shopping Centre 
1 Jurong West 
Central 2, S 
648886 
- Unknown Retail Building 1 
3-sided 
(Rectangular) Barrel vault 
Gallery/ 
Passageway Aircon 3 
50.  
Esplanade, 
Theatres on the 
bay 
1 Esplanade 
Drive, S 038981 2002 
DP Architects 









hall/ Plaza Aircon 3 
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Table B.1. Various combinations of design parameters (interior factor) for atrium models, 
simulated under only one sky condition 
Ref. ID Atrium types Skylight shapes Floor heights Reflectances Glazing materials
I1 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I2 Square Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I3 Square Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I4 Rectangular Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I5 Rectangular Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I6 Rectangular Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I7 Linear Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I8 Linear Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I9 Linear Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I10 Square Flat 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
clear 
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Office ceiling – 0.8 
I11 Square Ridge 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I12 Square Barrel vault 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I13 Rectangular Flat 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I14 Rectangular Ridge 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I15 Rectangular Barrel vault 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I16 Linear Flat 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I17 Linear Ridge 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I18 Linear Barrel vault 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I19 Square Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I20 Square Ridge 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I21 Square Barrel vault 6 Atrium wall – 0.6 clear 
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Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
I22 Rectangular Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I23 Rectangular Ridge 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I24 Rectangular Barrel vault 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I25 Linear Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I26 Linear Ridge 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I27 Linear Barrel vault 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I28 Square Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I29 Square Ridge 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I30 Square Barrel vault 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I31 Rectangular Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
clear 
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Office floor – 0.4 
Office ceiling – 0.8 
I32 Rectangular Ridge 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I33 Rectangular Barrel vault 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I34 Linear Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I35 Linear Ridge 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I36 Linear Barrel vault 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I37 Square Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I38 Square Flat 4 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I39 Square Flat 6 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I40 Square Flat 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I41 Square Ridge 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
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I42 Square Barrel vault 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I43 Rectangular Flat 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I44 Rectangular Ridge 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I45 Rectangular Barrel vault 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I46 Linear Flat 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I47 Linear Ridge 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I48 Linear Barrel vault 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I49 Square Flat 3 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I50 Square Flat 4 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I51 Square Flat 6 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I52 Square Flat 3 Atrium wall – 0.8 Atrium floor – 0.8 clear 
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Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
I53 Square Ridge 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I54 Square Barrel vault 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I55 Rectangular Flat 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I56 Rectangular Ridge 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I57 Rectangular Barrel vault 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I58 Linear Flat 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I59 Linear Ridge 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I60 Linear Barrel vault 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I61 Square Flat 3 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I62 Square Flat 4 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
clear 
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Office ceiling – 0.8 
I63 Square Flat 6 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I64 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I65 Square Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I66 Square Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I67 Rectangular Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I68 Rectangular Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I69 Rectangular Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I70 Linear Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I71 Linear Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I72 Linear Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I73 Square Flat 3 Atrium wall – 0.6 clear 
APPENDIX B: ATRIUM MODELLING 
 
Prepared by Soon Lay Kuan       HT050236U 181
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
I74 Square Flat 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I75 Square Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I76 Square Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I77 Square Flat 4 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I78 Square Flat 6 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
clear 
I79 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I80 Square Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I81 Square Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I82 Rectangular Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I83 Rectangular Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Tinted 
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Office floor – 0.4 
Office ceiling – 0.8 
I84 Rectangular Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I85 Linear Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I86 Linear Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I87 Linear Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I88 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I89 Square Flat 4 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I90 Square Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I91 Square Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I92 Square Flat 4 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
I93 Square Flat 6 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Tinted 
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I94 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I95 Square Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I96 Square Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I97 Rectangular Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I98 Rectangular Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I99 Rectangular Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I100 Linear Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I101 Linear Ridge 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I102 Linear Barrel vault 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I103 Square Flat 3 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I104 Square Flat 4 Atrium wall – 0.6 Atrium floor – 0.6 Low-E 
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Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
I105 Square Flat 6 
Atrium wall – 0.6 
Atrium floor – 0.6 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I106 Square Flat 3 
Atrium wall – 0.1 
Atrium floor – 0.1 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I107 Square Flat 4 
Atrium wall – 0.45 
Atrium floor – 0.45 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
I108 Square Flat 6 
Atrium wall – 0.8 
Atrium floor – 0.8 
Office wall – 0.6 
Office floor – 0.4 
Office ceiling – 0.8 
Low-E 
 
Table B.2. Total floor area [in m2] for each atrium form of different floor depths 
Atrium forms Floor depths 
Square atria Rectangular atria Linear atria 
3 floors height 2,612.25 2,792 3,033 
4 floors height 3,422.25 3,656 3,969 
6 floors height 5,042.25 5,384 5,841 
 
Table B.3. Total lighting power [in W] required for the enclosed atria of different forms 
and floor depths (the base cases), given that the maximum lighting power 
budget of an office is 15W/m2 (CP 24: 1999) 
Atrium forms Floor depths 
Square atria Rectangular atria Linear atria 
3 floors height 39,184 41,880 45,495 
4 floors height 51,334 54,840 59,535 
6 floors height 75,634 80,760 87,615 
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A. Establishment of IDMP 
The first step towards designing a building that utilises daylight for 
illuminating its interior is to acquire information on the amount of daylight available 
outside the building. In the 1980s, for instance, numerous research projects were 
undertaken with regards to the subject of daylight. However, very few measurements 
of daylight had been performed and the models which existed had not been validated 
over a wide range of climate. These problems could mainly arise from the 
inconsistency of sky illuminance, and the daylight variations that are largely 
depending on season, location or latitude, and cloudiness.  
 
It does not take the researchers too long to realise that the effective daylighting 
design requires knowledge of its nature as a light source. The Technical Committee 3-
07 of the CIE (Commission Internationale de l’Eclairage) was established to prepare 
an international program of daylight availability measurements in collaboration with 
the World Meteorological Organisation (WMO). The CIE has designated the 1991 
“International Daylighting Measurement Year” as the first year of IDMP, in which it 
was also dedicated to the late Professor Jurgen Krochmann, a pioneer and leader in 
daylighting research. In general, the objective of this program is to establish 
conventions of measurement practice so that data collected in the worldwide stations 
are made comparable. The set up of any IDMP stations is not funded by the CIE and 
the researchers would have to source for their own funds.  
 
According to the IDMP network as updated to June 1997, the stations are 
divided into three categories as follows and the range of data gathered depends on the 
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resources available to the organisation that operates each measuring station. 
Specifications and details on the type of measurements available from the respective 
station are outlined in Table C.1. 
a. Basic Class ― merely global and diffuse horizontal illuminance and 
irradiances are measured; 
b. General Class ― illuminances and irradiances are the principal quantities 
measured; and  
c. Research Class ― sky luminance distributions as well as other 
meteorological are recorded.  
 
Table C.1. Typical measurements made by the Basic Class, General Class and the Research 
Class Stations 
Measurement types Basic class General class Research class Comments 
Irradiance: Direct beam   • Optional for General Class 
 Global-horizontal • • •  
 Global- vertical (NESW) 
  •  
 Diffuse-horizontal • • •  
Illuminance: Direct beam   • Optional for General Class 
 Global-horizontal • • •  
 Global- vertical (NESW) 
 • •  
 Diffuse-horizontal • • •  
Luminance: Zenith   • Optional for General Class 
 Sky distribution   •  
Meteorological: Sunshine duration  • •  
 Cloud amount   •  
 Air temperature   •  
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 Dewpoint temperature 
  •  
 Wind speed/ direction    Optional 
Other radiation: PAR (photosynthetic)    Optional 
 UV    Optional 
Colorimetry:     Optional 
 
B. Worldwide IDMP 
As listed in Table C.2, the IDMP network is still evolving and there are around 
47 stations that spread across 22 countries, as dated on 28 March 1997 (IDMP-CIE, 
1998 Mar). According to the rules and regulations, all new members are required to 
exchange at least one year of data for free with other members of the network. 
 
Table C.2. IDMP stations available across the world 
No Countries Stations location Latitude Longitude Local time Station categories Remarks 










 Ceased in 
Mar 94 
2. Canada a. Calgary 51°04' N 114°08' W GMT-7 General  

































6. Greece a. Athens 37°58' N 23°43' E GMT+2 General  









8. Indonesia a. Ujung Panjang 5°06'S  GMT+8 General  
9. Israel a. Bet Dagan 
b. Sede Boquer 
32°00' N 
30°54'N 




 Ceased in 
Dec 93 
10. Japan a. Ashikaga 
b. Chofu, Tokyo 
c. Daido, Nagoya 
d. Fukuoka 
e. Tsukuba 
f. Kiyose, Tokyo 
g. Nagoya 
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j. Suita, Osaka 
k. Tokyo 


















11. Korea a. Seoul 37°27' N 126°57' E GMT+9 General  
12. The 
Netherlands 



















14. Portugal a. Lisbon 38°45' N 9°08' W GMT+1 General  






















17. Slovakia a. Bratislava 48°10' N 17°05' E GMT+1 General  
18. Spain a. Madrid 40°17' N 4°25' W GMT+1 General  







































 Ceased in 
Jul 93 
22. USA a. Albany 











C. Description of Singapore IDMP station 
The main requirement of site selection for daylight measuring instrumentation 
is to provide a horizon as free as possible from any obstructions and the most 
appropriate locations are usually exposed areas like the tops of buildings (Hayman, 
2003). The Singapore IDMP station is located at its site at NUS campus, as marked 
out in Figure C.1. In minimising the view obstruction, the sky scanner and other 
sensors are placed on the roof of a lift shaft, at a four storey building sited on top of a 
ridge (Ullah, 1996).  
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Latitude: 1.5˚N 
Longitude: 103.78˚E 
Height above sea level: 130m 
Local time: GMT +8 hours 
Figure C.1. Station map in NUS campus 
 
Figure C.2 shows an example of the instrumentation layout on the roof top of 
a lift shaft at Station A. However, its location at high altitude is often exposed to high 
winds and loads which could possibly cause some movements and thus require 
routine check and instrument alignment. At Singapore IDMP station, there are some 
short periods of missing data during the collection time for various reasons, including 
the instrumentation malfunction and power failure (Lam, 1997; Lam et al., 1999a; 
Ullah, 1996). 
Figure C.2. Plan of Station A (Source: Lam, K.P., 1997) 
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D. Instrumentations 
The daylight measurements are usually taken at definite time frames when 
daylight is available, which start before sunrise and end after sunset everyday. At the 
station, the luminance scans are measured every half an hour from 6am to 6pm, while 
the other measurements such as illuminances and irradiances are recorded by hourly 
basis from 7am to 7pm. Table C.3 summarises the external quantities monitored at the 
station and their respective measuring instruments. Some of their specifications could 
be found in Appendix D. 
 
Table C.3. Instruments installed in Singapore IDMP station 
Parameters Measurements Equipments/ Sensors 
Luminances 145 sky patches and zenith EKO Sky Scanner 300LR 
Illuminances Global horizontal LMT BAP 30 FCT 
 Diffuse horizontal LMT BAP 30 FCT 
 North vertical LMT BAP 30 FCT 
 South vertical LMT BAP 30 FCT 
 East vertical LMT BAP 30 FCT 
 West vertical LMT BAP 30 FCT 
Irradiances Global horizontal Eppley Pyranometer PSP 
 Diffuse horizontal Kipp & Zonen CM11 
 North vertical Kipp & Zonen CM11 
 South vertical Kipp & Zonen CM11 
 East vertical Kipp & Zonen CM11 
 West vertical Kipp & Zonen CM11 
UV  Eppley UV meter 
Infra-red  Eppley Infra-red radiation meter 
Temperature Dry bulb T-Type Thermocouple 
 Wet bulb Wick & T-Type Thermocouple 
Wind Speed Vaisala Wind System 
 Direction Vaisala Wind System 
Shadow bands Diffuse illuminance/ irradiance Radius―28.25cm 
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(i) Sky scanner 
The sky scanner used at the Singapore IDMP station is EKO MS-300 LR, 
developed by Nakamura (as cited in Hayman, 2003). Its calibration certificate was 
issued on 25 July 1997, after it has been upgraded into a research class station and 
subsequently, the luminance measurements were taken in year 1998 and 1999. In 
general, the EKO sky scanner (Figure C.3) is an optical instrument designed to 
measure the spatial distribution of both luminance and radiance of the entire sky 
automatically, simply by scanning a total of 145 points in 5 minutes. Since it also 
allows for continuous outdoor operation, the important parts are usually sheltered 
under a weatherproof case that is connected to a computer in the room. Other 
specifications of the sky scanner could be found in Appendix D. 
Figure C.3. Sky scanner MS-300 LR (Source to the photo on top right hand corner: Wittkopf, 
S.) 
 
APPENDIX C: INTERNATIONAL DAYLIGHT 
MEASUREMENT PROGRAMME [IDMP] 
 
Prepared by Soon Lay Kuan       HT050236U 192
The exploded plan in Figure C.4 illustrates the pattern of sky subdivision for 
each scan of the EKO scanner that consists of 145 readings, as recommended by the 
CIE. The theory from classic Greek geometry tells us that a hemisphere can be 
completely divided into only a small number of patches of equal size and shape, and 
in only a small number of ways. With greater frequencies of subdivision, a 
compromise must always be made between complexity of grid, irregularity of patch 
area, and the proportion of total hemisphere that is covered (Tregenza, 1987). For the 
EKO scanner, the sky is basically divided into 12˚ steps in altitude with an azimuth 
subdivision which varies between bands to maintain approximately equal areas (Table 
C.4). This kind of subdivision is based on what is known as geodesics, which 
according to Tregenza, could yield a scanning pattern that is more complex still but 
give more uniform cover of the hemisphere. 
 
For each measurement, the recorded value is the average luminance within the 
sky scanner’s 11˚ acceptance angle (bottom of Figure C.4). In total this would give 
sky coverage of around 68% (Tregenza, 1987). The disadvantage is that sometimes 
the scattered light from the sun can overwhelm the luminance signal and thus create a 
false signal. Unlike the measurements of electric illumination, daylight measurements 
are routinely high. The luminance of solar disc could reach up the order of 109cd/m2, 
several orders of a magnitude greater than the limit of even the most specialised 
equipments such as the EKO scanner, which can only measure up to the maximum of 
approximately 55,000cd/m2 (Hayman, 2003). That is the reason why the dummy 
readings of the sky scanner around the solar disc are usually being eliminated.  
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Figure C.4. Sequence for sky scanner measurements and individual sky patch angles 
 
Table C.4. Sky scanner measuring points 
Elevation Number of points per rotation Azimuth increment per point 
6˚ 30 12˚ 
18˚ 30 12˚ 
30˚ 24 15˚ 
42˚ 24 15˚ 
54˚ 18 20˚ 
66˚ 12 30˚ 
78˚ 6 60˚ 
90˚ 1 - 
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(ii) Other sensor types 
There are other sensors installed at Station A for measuring the illuminances, 
irradiances and UV radiations. The closed up image of each individual instrument is 
presented in Figure C.5 and their specifications are found in Appendix D.  
 
Just like any other instruments, potential for calculation errors could occur 
both in the installation and adjustment of shadow bands, or discs, on diffuse 
illuminance cells and with the aiming of luminance cells. Sometimes the other 
environmental factors also add to the possibility of measurement error, for instance, 
humidity affecting electronics, wind induced vibration, dirt and salt collection on cells 
as well as the potential for corrosion. Regular maintenance is necessary and according 
to the experience from Hayman (2003) at Sydney, lack of such regular maintenance 
could introduce at least 10% error. The derived quantities from the daylight 
measurements, such as ratios, will consequently subject to the compound effect of the 
tolerances associated with each of the individual component. Hayman found that if 
these values are based upon good daylight data (±10% tolerance) the resulting ratio 
will be of the order of -18.2% to +22.2%. Poorer quality data would result in very 
large errors. The findings help to give an indication to the users the extent to which 
such technical errors could impose on the data usage, model development and 
applications such as energy assessments and even assessment of lighting standards 
compliance. Therefore, special care during the installation of these equipments is 
necessary to achieve high accuracy. For instance, a shading disc or band is employed 
on the sensor of diffuse horizontal irradiance or illuminance to exclude the direct 
component of sunlight and to minimise the blocking of any of the diffuse component. 
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Figure C.5. Different sensor types at Station A 
(Source: Lam, 1997): (a) Global horizontal 
illuminance sensor (b) Diffuse horizontal 
irradiance sensor with shadow ring (c) Global 
vertical illuminance sensors with black painted 
circular ring and diagonal fins to screen from 
ground reflection (d) Global vertical irradiance 
sensors with black painted circular ring and 
diagonal fins to screen from ground reflection (e) 
Infra-red radiation meter (f) Global horizontal 
irradiance sensor (g) Ultra-violet radiation meter 
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Table D.1. Specifications of EKO Sky Scanner MS-300LR 
Features Extreme values 
General 
Scanning time 5min for total 145 points for both radiance & luminance 
Scanning procedure Stepwise 
Operating temperature 0-40˚C 
Power requirements AC100, 2A 
Dimensions 485 x 350 x 470mm 
Weight 27kg 
Drive unit 
Motor DC servomotor 34W with optical encoder 1000ppr 
Reduction ratio Azimuth 1/60 Zenith 1/50 
Resolution Azimuth 0.006˚ Zenith 0.0072˚ 
Accuracy of Pointing 0.2˚ 
Sensor 
(i) Luminance  
Full view angle 11˚ 
Slope angle 1˚ 
V mismatch 2.5% 
UV-blocking 0.2% (for full scale) 
IR-blocking 0.2% (for full scale) 
Temperature coefficient 0.1%/˚C (with compensation circuit) 
Linearity 0.3% 
Sensitivity (calibration constant) 90.4 mV/kcd/m2 
(ii) Radiance  
Full view angle 11˚ 
Slope angle 1˚ 
Linearity 0.5% 
Temperature coefficient -0.1%/˚C 
Sensitivity (calibration constant) 10.09 mV/W/m2sr 







A/D converter 12 bit 
Conversion time 133 ms 
Input 0-5V DC 
Measuring program  
Language (compiler) BASIC 
OS MS-DOS Ver. 5.0 
Main menu Measuring Schedule Manual Measurement 
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Preparing Data Disk 
Compatible computer NEC 9801 or IBM/AT (MS-DOS 5.0 or DS-V) 
Data management  
Media HD (more than 10Mb) 
Required bytes About 1.5kb/scanning 
Capacity 780 scannings 
 
Table D.2. Specifications of Eppley Pyranometer (Institute of Oceanology Polish 
Academy of Sciences, 1996 Feb) 
Features Extreme values 
Measurement precision 5% 
Total solar irradiation 
295-2800nm or in defined wavelength bands dependent on 
a type of Schott filter used: WG295 (295-2800nm), GG395 
(395-2800nm), GG495 (495-2800nm), OG530 (530-
2800nm), OG570 (570-2800nm), RG610 (610-2800nm), 
RG630 (630-2800nm), RG695 (695-2800nm), RG715 (715-
2800nm), RG780 (780-2800nm) 
Sensitivity ~ 9mV/W m-2 
Impedance ~ 650Ohm  
Receiver circular 1 cm-2, coated with Parsons' black optical laquer 
Linearity ±0.5% from 0 to 2800 W/m2 
Temperature dependence ±1% over ambient temperature range -20 to +40˚C 
Response time 1s 
Cosine ±1% from normalisation 0-70 deg zenith angle 
Orientation no effect on instrument performance 
 
Table D.3. Specifications of Kipp & Zonen CM11 Pyranometer (Kipp & Zonen., n.d.) 
Features Extreme values 
Spectral range (50% points) 310-2800nm 
Sensitivity (µV/W/m²) 7-14 
Response Time (95%) 5 s 
Zero offset temperature change (5K/hr) ±2W/m² 
Zero offset thermal radiation (200W/m²) ±7W/m² 
Directional error (at 80° with 1000W/m² beam) ±10W/m² 
Non-linearity (0-1000W/m²) ±0.5% 
Non-stability (change/year) ±0.5% 
Temperature dependence of sensitivity ±1% (-10 to +40°C) 
Tilt response (at 1000W/m²) ±0.2% 
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A. File formats 
Owing to the limitation of funds and some technical problems at Singapore 
IDMP station, the extensive sky luminance scans available for the analysis are from 1 
January 1998 to 9 May 1999 (494 days). The large amount of data that are gathered 
and processed as part of the program also mean that standard guideline is necessary to 
ensure that any derived quantities are comparable. The CIE code 108:94 was prepared 
by the Technical Committee 3-07 to describe the measurement and instrumentation 
requirements of the stations, as well as to provide guidelines and recommendations on 
data quality control, archiving and dissemination.  
 
(i) Luminance scans 
Sky scanner MS-300 LR is able to take measurements on 145 points within 5 
minutes and the records luminance scan at Singapore station are performed very half 
an hour from 6am to 6pm. These data are stored into a specified disk, each with the 
































09 21 1000 .98 D 
  
The steps in data processing are as follows. 
 
Step 1: Reading the raw measurements 
Figure E.1 shows an example of luminance data (09211000.98D) taken on 21 
September 1998, 10am. All the 145 measurements directly recorded from the sky 
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scanner are jumbled up together and, therefore, it is advisable to separate the data into 











Figure E.1. Luminance data for file 09211000.98D 
 
Step 2: Interpreting the raw data 
As indicated in Table E.1, the data in each column carries different 
information. 
 
Table E.1. Data reading for luminance 
Patch 
ID:  1 2-145         
Field 
values: 0.000 0.502 
0.478, ---
, 0.797 0.293 0.298 90.4 0.000 
09-21-
98 10:00:14 10:04:38 Singapore 
Field 
names: A H H B B C A D E F G 
 
Where, A: Dummy data (not necessary) E: Starting time of measurement 
 B: Dummy data for luminance measurement F: Finish time of measurement 
 C: Calibration constant G: Location of measurement 
 D: Day of measurement H: Luminance value for each point 
 
According to the calibration certificate issued on 25 July 1997, all the 
measurements at 145 points have to be corrected by the calibration constant as 
follows: 
Luminance Data = H x 1000/C                                                                      (E.1) 
where, C = 90.4mV/kcd/m2 
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After processing and correction, the raw luminance scans on 21 September 
2005, 10am are now ready for analysis, as shown in Table E.2. 
 
Table E.2. Luminance measurements of 21 September 1998, 10am (in kcd/m2) 
Sky patch 0 1 2 3 4 5 6 7 8 9 
  1000hr           
0  5.553 5.288 5.055 4.900 4.823 4.889 5.066 4.956 4.900 
10 4.900 4.768 4.701 4.790 4.701 4.502 3.219 2.301 1.582 1.449 
20 2.412 2.655 5.144 5.442 5.819 6.084 6.593 5.133 6.139 5.929 
30 5.885 7.688 7.566 8.108 7.898 9.347 12.954 15.509 16.692 16.825 
40 13.507 11.239 9.049 7.843 7.478 7.677 7.257 6.947 6.825 6.416 
50 6.150 6.007 6.173 6.405 6.106 6.073 6.040 5.929 6.294 6.803 
60 7.201 7.799 7.400 7.201 6.858 6.449 6.560 6.958 6.305 5.841 
70 6.416 7.378 8.263 9.192 10.044 11.007 13.285 17.600 22.843 24.270 
80 20.254 14.845 10.763 9.137 7.854 9.469 10.940 12.876 17.898 26.737 
90 55.288 37.965 21.095 14.513 10.830 9.712 8.949 8.296 7.212 5.741 
100 5.133 5.918 6.515 6.604 6.294 7.069 7.301 7.655 8.319 8.529 
110 8.108 7.334 6.936 6.681 6.338 5.774 6.294 7.312 8.794 11.527 
120 15.310 22.423 55.288 40.011 18.739 12.323 10.973 10.243 16.217 22.622 
130 20.631 12.843 8.827 7.135 6.847 7.799 7.865 7.566 9.369 9.148 
140 7.799 7.732 8.949 12.909 11.604 8.816         
 
(ii) Other sensor types 
Other sensor types at Station A measure the illuminance, irradiance, UV, wind 
speed, humidity and dew point temperature by hourly basis from 7am to 7pm daily. 
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The steps in data processing are as follows. 
 
Step 1: Reading the raw measurements 
Figure E.2 shows an example of illuminance and irradiance measurements 
taken on 21 September 1998, 10am (D092198).  
"10.00" 
23126  50708  21291  17868  45583  64084  208  404  176  146  388  735  22 
19704  37759  17978  14291  40306  52164  170  263  140  120  329  476  16 
21657  45192  19423  15753  42382  57591  189  340  160  128  351  580  18 
19704  44494  19191  14291  41536  55318  170  332  158  120  342  516  16 
95.2 
Figure E.2. Illuminance and irradiance data for file D092198 
 
Step 2: Interpreting the raw data 
Again, the data in each column carries different the information as presented 
in Table E.3. 
 
Table E.3. Data reading for illuminance and irradiance on 21 September 1998, 10am 
Scale LVN LVE LVS LVW LHD LHG SVN SVE SVS SVW SHD SHG UVH
 1000hr             
Max. 23,126 50,708 21,291 17,868 45,583 64,084 208 404 176 146 388 735 22 
Min. 19,704 37,759 17,978 14,291 40,306 52,164 170 263 140 120 329 476 16 
Avg. 21,657 45,192 19,423 15,753 42,382 57,591 189 340 160 128 351 580 18 
Inst. 19,704 44,494 19,191 14,291 41,536 55,318 170 332 158 120 342 516 16 
Sun (%) 95.2             
 
Where, LVN, LVE, LVS, LVW: Vertical illuminance (NESW) [lux] 
 LHD: Horizontal diffuse illuminance [lux] 
 LHG: Global horizontal illuminance [lux] 
 SVN, SVE, SVS, SVW: Vertical irradiance (NESW) [W/m2] 
 SHD: Horizontal diffuse irradiance [W/m2] 
 SHG: Global horizontal irradiance [W/m2] 
 UVH: UV radiation 
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A. Relative indicatrix and gradation classification method 
(i) Relative scattering indicatrix 
A method was developed earlier on by Kittler (1992, 1993a) to derive the 
relative scattering indicatrices from sky luminance scans using solar almucantar 
measurements because the horizon to zenith radiance gradation along it is constant. 
But the main problem is whether the normalising sky radiance or luminance with the 
angular distance 90˚ from the solar position is measured or existent. This solar 
almucantar measurement is useful merely for radiance or luminance scans measured 
below the solar altitudes of 45˚. The higher the sun’s position, the shorter and less 
informative is the indicatrix, because the angular distance χ is usually available from 
around 40˚ to 100˚ (Kittler, 1985, 1993a; Kittler et al., 1992).  
 
Step 1: Identify the radiances or luminances at A90, for the lowest three sky 
almucantars of 6˚, 18˚ and 30˚ 
First, it is assumed that the indicatrix function is independent of gradation. The 
normalising radiance, Le(90˚) or luminance, Lv(90˚) has to be approximated by 
interpolating the two closest measured sky elements, according to the exact azimuth 
for χ = 90˚. Therefore, the azimuth angle of L (90˚) on the sky almucantar, with 
respect to the sun is: 
( )ζεγ tantanarccos90 sA −=                                                                                         (F.1) 
 
The relation between A90 and the almucantar is explained graphically in Figure 
F.1. For simple translation, the angular elevation of the sky almucantar above the 
horizon, εζ can also be defined as the elevation of the sky element.  
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Figure F.1. Azimuth angle of the normalising radiance or luminance, L(90°) on sky 
almucantar 
 
Step 2: Identify the radiances or luminances at χ angles from the sun  
The scattering angle or the angular distance between the sun and sky element, 
χ is defined as: 
( )sss ZZZZ ααχ −+= cossinsincoscosarccos                                                 (F.2) 
Identify and prepare the arrays of radiance or luminance at the angular 
distance χ, for the lowest three sky almucantars of 6˚, 18˚ and 30˚. 
 
Step 3: Normalise all measured radiances or luminances  
To determine the relative scattering indicatrix, all radiances or luminances 
along the selected sky almucantar 6˚, 18˚ and 30˚ must be normalised by L (90˚).  
( ) ( )( )090e eL
L
f
χχ =       or     ( ) ( )( )090v vL
L
f
χχ =                                                        (F.3) 
 
Step 4: Find the matching indicatrix groups 
Find the closest indicatrix groups by comparing the relative indicatrix values 
found in Step 3 to the standard indicatrices. The standard relative scattering 
indicatrices are computed from Equation F.4. 
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⎛−+=                                                          (F.4) 
 
(ii) Relative gradation 
Classification of each sky type is based on the indicatrix and gradation, with 
sky code as its identity. Therefore, the subsequent steps summarise the process to 
derive the gradation group, as a continuation from the previous steps. 
 
Step 5: Find Lv/Lz ratios for sky patches along and orthogonal to the solar meridian, 
and at an angular distance χ close to the zenith angle Z 
The luminances (for sky patches along and orthogonal to solar meridian, as 
well as sky elements with an angular distance close to the sun zenith angle) are 
normalised with respect to the zenith luminance, Lz.  
( )( ) ( )( )00 00 zvL
ZLZ =ϕ
ϕ
                                                                                                                 (F.5) 
 
Step 6: Find the matching gradation groups 
Find the closest indicatrix groups by comparing the relative indicatrix values 
found in Step 5 to the standard indicatrices.  
 
( )( ) ( )baZbaZ exp1cosexp100 +⎟⎠⎞⎜⎝⎛+=ϕϕ                                                                      (F.6) 
 
Step 7: Derive the best fitting general sky type 
From the combination of relative indicatrix and gradation found in Step 4 and 
6, the best fitting general sky type can be identified. The sky code for each sky type is 
found in Table F.1. 
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Actual combinations of six standard gradations and six indicatrices can form 
exactly 36 sky standards, but only fifteen relevant were chosen to be contained in the 
new standard set classified under the CIE Standard General Sky. They are the 
common representative skies claimed to be found elsewhere.  
 
B. Kittler’s parameterisation of Lz/Dv  
The standard Lz/Dv involves a complex integration of the indicatrix and 
gradation functions in Equation F.7. But the complexity can be overcome with the 


























 [cd/lm]                                   (F.7) 
 
where the two indicatrix functions, f(χ) and f(Zs) as well as gradation functions, ϕ(Z) 
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Table F.1. Coefficients of the CIE sky types (CIE, 2002; ISO, 2004) 
Sky Type Gradation Indicatrix a b c d e Description of luminance distribution
1 I 1 4.00 -0.70 0.00 -1.00 0.00 CIE Standard Overcast Sky 
Steep luminance gradation towards 
zenith, azimuthal uniformity 
2 I 2 4.00 -0.70 2.00 -1.50 0.15 Overcast, with steep luminance  
gradation and slight brightening 
towards the sun 
3 II 1 1.10 -0.80 0.00 -1.00 0.00 Overcast, moderately graded with 
azimuthal uniformity 
4 II 2 1.10 -0.80 2.00 -1.50 0.15 Overcast, moderately graded and 
slight brightening towards the sun 
5 III 1 0.00 -1.00 0.00 -1.00 0.00 Sky of uniform luminance 
Overcast or cloudy with overall unity 
luminance 
6 III 2 0.00 -1.00 2.00 -1.50 0.15 Cloudy sky, no gradation towards 
zenith, slight brightening towards the 
sun 
7 III 3 0.00 -1.00 5.00 -2.50 0.30 Cloudy sky with a brighter 
circumsolar effect 
8 III 4 0.00 -1.00 10.00 -3.00 0.45 Partly cloudy sky with a distinct solar 
corona 
9 IV 2 -1.00 -0.55 2.00 -1.50 0.15 Partly cloudy sky with the sun 
position shaded by cloud or high 
turbidity 
10 IV 3 -1.00 -0.55 5.00 -2.50 0.30 Partly cloudy sky with a brighter 
circumsolar effect and sun position 
shaded by some turbidity 
11 IV 4 -1.00 -0.55 10.00 -3.00 0.45 White-blue sky with distinct solar 
corona 
12 V 4 -1.00 -0.32 10.00 -3.00 0.45 CIE Standard Clear Sky, low 
illuminance turbidity 
13 V 5 -1.00 -0.32 16.00 -3.00 0.30 CIE Standard Clear Sky, cloudless 
with polluted atmosphere 
14 VI 5 -1.00 -0.15 16.00 -3.00 0.30 Cloudless turbid sky with broad solar 
corona 
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Table F.2. Parameters A, B, C, D, E, typical Dv/Ev ratios and Tv values for the prediction of 
zenith luminance of the 15 Standard CIE sky types (Kittler, Darula & Perez, 




code A1 A2 B C D E Typical Dv/Ev Typical Tv 
1 I.1 - - 54.63 1.00 0.00 0.00 0.10 over 45 
2 I.2 - - 12.35 3.68 0.59 50.47 0.10 over 20 
3 II.1 - - 48.30 1.00 0.00 0.00 0.15 over 45 
4 II.2 - - 12.23 3.57 0.57 44.27 0.20 over 20 
5 III.1 - - 42.59 1.00 0.00 0.00 0.22 over 45 
6 III.2 - - 11.84 3.53 0.55 38.78 0.30 over 20 
7 III.3 - - 21.72 4.52 0.64 34.56 0.35 12.0 
8 III.4 - - 29.35 4.94 0.70 30.41 0.40 10.0 
9 IV.2 - - 10.34 3.45 0.50 27.47 0.35 12.0 
10 IV.3 - - 18.41 4.27 0.63 24.04 0.30 10.0 
11 IV.4 1.440 -0.750 24.41 4.60 0.72 20.76 0.26* 0.30# 4.0 
12 V.4 1.036 0.710 23.00 4.43 0.74 18.52 0.25* 0.30# 2.5 
13 V.5 1.244 -0.840 27.45 4.61 0.76 16.59 0.26* 0.30# 4.5 
14 VI.5 0.881 0.453 25.54 4.40 0.79 14.56 0.28* 0.30# 5.0 
15 VI.6 0.418 1.950 28.08 4.13 0.79 13.00 0.28* 0.30# 4.0 












APPENDIX G: SKY MODELLING 
 
Prepared by Soon Lay Kuan       HT050236U 208
Table G.1. External diffuse horizontal illuminance [in lux] of VSD or VSSD that resemble 
different sky types at different time of the day 
Ref. ID Sky Type/ sky dome Time of the day [hrs]/ Sun elevation [°] 
Diffuse horizontal 
illuminance [lux] 
E1 0800/ 15° 3,460 
E2 0900/ 30° 6,683 
E3 1000/ 45° 9,452 
E4 1100/ 60° 11,576 
E5 1200/ 75° 12,911 
E6 
Sky Type 1/ VSD1 
1300/ 90° 13,366 
E7 0800/ 15° 6,923 
E8 0900/ 30° 13,380 
E9 1000/ 45° 18,907 
E10 1100/ 60° 23,161 
E11 1200/ 75° 25,850 
E12 
Sky Type 4/ VSD 4 
1300/ 90° 26,815 
E13 0800/ 15° 15,150 
E14 0900/ 30° 27,638 
E15 1000/ 45° 38,438 
E16 1100/ 60° 47,121 
E17 1200/ 75° 53,014 
E18 
Sky Type 7/ VSSD 7 
1300/ 90° 56,384 
E19 0800/ 15° 13,492 
E20 0900/ 30° 24,132 
E21 1000/ 45° 31,687 
E22 1100/ 60° 36,009 
E23 1200/ 75° 37,621 
E24 
Sky Type 8/ VSSD 8 
1300/ 90° 35,453 
E25 0800/ 15° 9,355 
E26 0900/ 30° 16,540 
E27 1000/ 45° 21,220 
E28 1100/ 60° 22,334 
E29 1200/ 75° 22,191 
E30 
Sky Type 11/ VSSD 11 
1300/ 90° 19,344 
E31 0800/ 15° 11,353 
E32 0900/ 30° 19,361 
E33 1000/ 45° 22,770 
E34 1100/ 60° 23,153 
E35 1200/ 75° 22,173 
E36 
Sky Type 13/ VSSD 13 
1300/ 90° 18,971 
 
 
